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                                 ruTRODUCntON
      The present progTess of the high speed and eempact diesel engines
owes mueh to rational design attained by successful matching of fuel
injeetion system and skillful utUization of high intensity air--tur-
bulence and -swirl induced in the combustion chamber, nameXy, by the
improvements made on the combustion process. Owing to its prominent
performance, ever-increasing demand for this type engine has arisen as
a promising economLc prime mover, say, in the use of passenger trans-
port that had been eonsidered as the application field of spark ignÅ}tÅ}on
engine. Simultaneously increasing attention is now paid to the eradica-
tion of faults that were relatively less important in the earlier stages
of diesel engine's development. One of these is engine noise.
      At the present time being, the conceived target for reducing the
noise of the small diesel engine is to equalize it down to a degree
vrithin that of gasoline engine as its competitor. It may be considered
from this point ef view that among the predominent noises suction-
and exhaust-noises as weil as creaking from the engine body and acces•- .
somes are not of prime importance as the noÅ}se problem peculiar to the
diesel engine. In the meanwhile, a handicap in eombustion noise is the
maxiimmi barrier, so that its solution seems to be oil the t.z' ptoe of ex-
peetation.
      The combustion noise and its extreme manifestation as diesel
lmock are originated from a sharp pressure rise in cylinder due So ex-
plosive combustion of ntxture formed during the so-called'delay period.
Mhe absolute negessity for relieving the pressure development from the
explosive pressure change is to reduee the fuel quantity present in the
delay period. rn this viewpoint, possible means of contrelling the
diesel knock wUl be classified into the following four basic categories:
(J) Shortening the ignition delay; the use of high ignition quality
fuels, increasing the eompression ratio, adopting an ignition promotor
such as the' glow stud, etc. -(2) Reducing the rate of fuel injection during the ignition delay; the
use of speciaily designed injection nozzle such as throttle riozzle and
"pi.ntartx" nozzle(1)X, and the adoption of pilot injection system(2).
(3) Changing the course of rnixture formation to reduce fuel that'takes
                                                                       (3)
a part in the rapid combustion'; for example, the "M-combustion systeM"
using the combustion Åëhamber wa!1 as refuge of fuel.
(4) Separate introduction of fuel; for example, "Etmigation" by intrO-
W Numbers in parentheses designate References at end of the voluMe.
                 - •-z-
ducing a supplementary fuel in the suction duct in a very fine mist(4),
and ttVigom process" in which the fuel is injected separatedly through
a single injector by using doubZe cam in the fuel pump(5).
 In those means, the first is considered to be most elassical, the second
and third to be modern, and the fourth seems to belong to a future
problem. Some of them have attained considerable progress in reeent
years on the demand of the "multifuel operation"(6)(7)(8) of the engine;
that is, to run satisfacterily with any kinds of fuel from gasoline to
diesel fuel having a high cetane number, This problem has a close con-
nection with the subject now concerned wÅ}th, since one of the factors
limiting the multifuel ability is the long igrtition delay of the fuel
and resulting diesel knock.
      When a gasoline engine is knocking or emÅ}tting other kinds of
eombustion noise, deterioration of perforrnance usua!ly supervenes;
for this reason, much efforts have been made for their elimination.
On the contrary, reduction of diesel eombustion noise is not indis-
pensable for the improvement of the thermal effieiency, or in many
cases, too quiet mmning sometimes sacrifices the fuel economy and
the maximum output. As an exampl,e apt to encounter, a very early
ignition of fuel will hinder its access to air remote frqm the injee-
tion nozzle thereby resulting in a poor cembustion. Generally speak•-
ing, severai methods of eliminating the combustion noise are qualified
when they are not malignant on other performances of the engine; not '
merely on the fuel economy and maximum output but also on abiiity of
coZd--starting, durability of the engine, cost oÅí eonstr'uction and so
forth.
             '
      This thesis is based on a series of experiments and consider-
ations with a view to shedding more light on a smooth mming of com-
pact diesel engines, taking into consideration the matters mentioned
above. They pgere made less on the special combustion systems sueh as
the third or fouvth category of thos6 presented earlier, but mainly
on conventional systems, of divided chEmiber type engÅ}nes which were
most widely applieated in the field of smaU size engines, from several
new viewpoints. In the first chapter, origicp of the combustion noise
was pUrsued from the meehanical and acoustic points of view. Thereby
all the probiem of the combustion,noise eould be reduced to the matter
Of PreSsure-time relation in the combustion chamber. In the conneetiOn
with the researeh of the present subject, in the second chapter, in-
                                   '-ii-
vestigation was carried out to offer the requisite for an accurate mea-
surement of pressure in the combustion ehamber. Zn the third through
fifth chapters, several works were made on influenees of various eir-
cumstenees on the combustion progress, especially on the rate of pre-
ssure rise in the combustion chamber of the divided charnber type engines;
.third chapter dealt with the effect of dimension of eonnecting passage
on the pre$sure ehange in cylinder, the fourth with various influe.nces
on combustion and pressure rate in swirl chamber type engines, and the
fifth with the idling knock phenomenon and its elimination bf pre-
ehamber type engines. rn the last ehapter, the origin of rapid com-
bustion was analyzed from a neW Viewpoint by introducing u model
in which the ignition delay of every fuel element varied from time to
time according to the development of pressure and temperature i.n the
combustion ehamber. -
'iii'
                                  CELAPTER 1
Sources of Cornbustion Noise and Criterion of lts Intensity
1.Z. Outline of the Problems
     Numerous studies have been rnade to clarify how the sharp pressure rise
in the combustion chamber ean be transmitted to the ear of a listener aclmow-
ledging it as the cqmbustion noise• There are two concepts about the mechEmism
of the noise generation: The one is that the transient vibration in the engine
structure linked with the chamber walls causes the outer surface to emit the
                                       (2)
noise, as has been supported by Davies . The other is that the gas oscil--
lation initiated by a sudden eombustion emits a noise of the identical fre-
quency directly through the engine walls in the same manner as that occurring
in a gasoline engine. Tn this chapter, the former concept was emphasized by
several evidences obtained in the eouvse of the experiment,
     rn the second part of this ehapter an examination of the excitation of
vibration by given foree-time Telations was made in order to obtain some know-
ledges of how the rate of pressure rise relates intensity of emitted noise.
For this purpose, two methods may be available: The one is the harmonic analy-
sis of cylinder pressure, namelyt transforming the cyZinder pressure versus
time relation into power spectrum, with which the emitted noise may be cor-
related, as has been conducted by Priede(9). The other is the analysis of
free oscillation generated in the engine structure by the rise in the cyiinder
pressure. In the present investigation, the latter method waB introduced by
adopting a simplified model proposed by Davies(2), in which the vibrating
member is idealized by a mass permitted to move in the direction of varying
'force under ceestraint of a spring,
     The last problem of this chapter is how the intensity of the combustion
noise wiU' be described and what will be a criterion of diseriminating whether
the •diesel knock occurs. For this purpose the maximum rate of pressure rise
caused by combustion was proposed as the measure.
1.2 Frequeney Analysis of Combustion Noise
1) Experimental engine and measuring apparatus
          '
- A water-eooled faur-eycle single cylinder diesel engtne manufactured bY
Yanmaar Diesel Co, (ST-gs type) was used in the experiment. :t could be OPer-
                                      -l-
ltt' t'f Cretl.e-tttontl vi" ar vhi t-tt:ae laEine
ated as either a pre-chamber type engine or as a swirl chamber
type. The principal dimensions of the engine were as follows:
95 mm and 115 rom respectively
7 PS at 1400 rpm
Cylinder bore and stroke
Nominal output
Combustion chamber
Ratio of the auxiliary
chamber to the total
compression volume
Ratio of cross-sectional
area of the connecting












Fig. 1.1 shows the cross-sectional view of the engine. Fuel injection
pump was Bosch type PElA70BIO~, whose plunger diameter WaS 7 rom. The
opening pressure of the injection nozzle was adjusted so as to be 105
kg/cm2 in the course of the experiment. The fuel used was heavy oil "All
(specific weight 0.845, cetane number 45).
Noise measurement was made by using an audio-frequency analyzer (Re-
utlinger Frequenzspektrometer). As the transducer of the cylinder pressure,
strain gage type indicators (made of Kyowa Dengyo Co., PHF-7B type), which
had the nominal natural frequency above 35 kc/sec, were flushed to the
chamber wall as shown in Fig. 1.1. The recording of the pressure diagrams
was made on an electromagnetic oscillograph with B type vibrator having a
constant sensibility up to 3.5 kc/sec, after anamplification by a tran-
sistor circuit. In addition to this, crank-angle marks and timing marks
were recorded on each oscillogram.
2) Frequency analysis of body noise
With the installation mentioned above, noises from engine body were
analyzed under the conditions with and without knocking, in contrast with
the non-firing conditions; typical modes of knocking were examined with
(1) the idling knock which was remarkable in low speed range of a pre-chamber
type chamber (idling at 630 rpm), and (ii) conventional knock in high speed
range of a swirl chamber type chamber (at 1500 rpm). In order to avoid the
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and exhaust-noises, the receiving microphone was placed at a distance of
110 mID from the engine cover opposite the flywheel, as illustrated in Fig.
1.1.
With the pre-chamber type, the testing engine emitted a furious knock-
ing at speed lower than 800 rpm. This is the so-called idling knock, whose
intensity and existence are influenced by the cylinder wall temperature,
the rate of fuel injection, its injection timing and so on. Fig. 1.2 shows
the results of frequency analysis of the body noise, under the conditions
without load at a low speed, for various types of injection nozzles that
would have different injection characteristics. It can be seen from the
figure that a relatively high frequency range between 400 c/sec and 4000
a/sec has a connection with the combustion noise. The frequencies giving
two peaks are not influenced by the intensity of knock nor whether an
audible knocking occurs or not.
Fig •.1.3 contrasts the case of furiously knocking in the swirl chamber
type with the case of rather smooth running in the pre-chamber type, both
at the full speed of the engine. It can be seen that the frequencies giv-
ing peak levels in the swirl chamber type virtually coincide with those
of idling knock and with noise at high speed with the pre-chamber type.
Therefore we may conclude that the constituent frequencies of the combus-
tion noise are irrespective of the type of the combustion chamber or run-
ning conditions such as speed and load or injection rate, and that there
is no essential difference between the idling knock and the ordinary knock
occurring at a high speed, although the running speed relates to the spe-
ctra of non-firing and of lower frequency region.
These facts suggest that the combustion noise is caused by the tran-
sient excitation by the cylinder pressure in some particular mechanical
components of the engine structure. Another evidence supporting this
matter is that a considerable change of the frequencies Was experienced by
alternating the aluminium piston to a heavier cast iron piston, as shown
in Fig. 1.4; the higher frequency shifts from 2.5 kc/sec to 1.8 kc/sec
and the lower frequency from 0.80 kc/sec to 0.85 kc/sec. This fact in-
dicates that the combustion noise has a very close connection with the

























l.i The Relation between Pressure Development in Cylinder and Combustion




Ap pressure rise due to combustion
t time variable
to period of vibration
te duration of effective pressure rise, i.e., the duration of eylinder-
     pressure changing from 10 96 to 90 9o of Ap
x displacement of a vibrating member
tr amplitude of vibration excited
xs aJnplitude for step-fimctidnal pressure chenge
 Åë non dimensionaX amplitude of vibration (= Y/xs)
 g ratio of rising time of pressure to period of vibration (=te/to)
In Ng. 1.5 is shown an example of indicator diagram in whieh some of
symbols are illustrated.
      The reXationship between the amplitude of mechanical vibration and
 the pressure development inside the cylinder wÅ}11 be estirnated if we con-
 sider a simplified model of the vibration system such as foilows:
 (1) The model is a one-degree-of-freedom system of vibration.
 (2) The meehanical impedance at the driving termina]-, i.e., the surface
 of the piston, is so high that pressure development is not influenced by
 the transient vibration excited in the system.
 (5) Only a single biow acts on the system, or, ip other words, the excite-
 tion of vibration is not influenced by that oceucing in previous cycle.
 (4) The slopes of pressure change during compression and expansion strokes
                                                                      '
 are low enough to be neglected, compared with the rate of pvessure mse
 during combustion.
 (5) There is no decay in the vibration once exeited.
      At first, we defÅ}ne x-(t) as the unit step reGponse, i.e. the tran-
 Sient waveferm of vibration when the cylinder pressure instantaneouslY
 jumPS bY a unit magnitude. Aceording to the above presented assumptionS,.
 xsc is described as follows:
                                         -4-
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               xs(t)=x,(/-ces w`t) (t) o) (1.z)
 where xo is a constant and tvo the angular frequency. By using x+(t)
 thus defined, ve can calculate the response x(t) for a given pressure-time
 relation pz(t), by means of, fer exampie, the Duhammel's formula.
      Fig. I.6 illustrates the relation between x(t) and pz(t) for the unit
 step functional input where the amplitude of vibration is xo. Now we con•-
 sider that an input of a ramp--step function of total rising time tl and the
  pressure rise by Ap produces a vibration of amplitude 3i on the static dis-
  placement xs. It can be easily noticed that xs is the product of xo and
      because of linearity of the system, and signifies the amplituae of
 Ap,
  step-functional pressure change because x coincides with xs at the extreme
  of tfO. We cen evaluate the effect of the course of pressure on noise by
  using the ratio fP = xfi/xst name!y, the ratio of amplitude for a given
  deveiopment of pressure to the ampZitude for the pure step-funetional course
  of the same pressure rise. [rhe results obtained is as follows:
                     G{' lsL7v(CUet7, /2 )1 (l.2)
                pt-= -:(g == -"--zv;,lr7Et,k '
  where u)o is re-written by the period of vibration to :27r/u)e . The
  notation of tl may be replaced by te which is the effective duration of
  pressure rise, defined as the duration of pressure changing from 10 % to
  90 % of Ap. Mhis substitution is required from the eomparison between
  waveforms of cylinder pressure. For the ramp-step funÅëtion, te holds a
' relation as foilows:
                 k,=ti /te '= S/4 ' ' '(1'3)
  Thirdly, the ratio of te to to is introdutcted, namely
                                                                         (1.4)
  This is the nen-dimensional varSable that represents the shaepness of
   pressure ehange relative to the pgriod of vibration to. With those nOd
   tations, Eq. (1,2) is converted into
                o. !-EtlilltzIS-LnkZel (for the relnp-•step function) (i.5)




























       we can find out similar relationships for any analytical functions
 ., of input. Some results of typieal functions expected in the actual engine
   areXshown in Table l.1. The corresponding c.urves are inclusively drawn in
   Fig. 1.7. These Xead the following informations as regards the effect of
   pressure development on the a!nplitude of vibration:
   (Z) For a waveform of input, the amplitude of vibration generally decreases
   with e, although it is not always monotonous, as is observed with the ramp-
   step input (Cune r). Even for this case, the following formuia hoidB:
   (2) As fer the calculated cases, 95 decreases rapidly with e when e is
   between O.5 and the unity. Hence the intensity of the combustion noise
   will rapidly change if a is in this range.
   (5) Since the amplitude of vibration 3E is proportional to the product of
   Åë and Ap,i depends only on Ap foravery small vaZue of g. Fora
   larger 4, gb is approximately proportional to 1/E; for Curves I and ZI!,
   and to 1/e2 for.Curve IT, a3 seen from the tabie. For a kind of pressure-.
   time curve, the relation between the maximum rate of pressuve rise (dpldt)max
   and gis clearly given by the following form.
              (-Åíllt})max ==corzstÅ~ Agp
                          N.
   Therefore the amplitude x. will be
               X da PAp ctD !lltL cÅro(ddPt)..x for curves : and m (i.7)
                         cto !lil ov rks(SItij)i,L.,,x fer curve Ir (i.s)
   rt is clear from these relatiens that in either case the amplitude 3E is
   Zargely dependent on (dp/dt)
                                   but less or independent on the pressuie
                               MELX
                                                 '
                                                              '
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2) Experimental results and evaluation on combustion characteristics
        ,• Unfortunately, it was difficult to eonfirm the above mentioned theory
at the practical system of the engine, since the amplitude for the step-
wise pressure rise xs was not lsnown. However, on assumLng the linearity
of the system, it wou!d be feasible to find out the eorrelation between
 E and 3i/Ap. In order to examine this, a number of indicator diagrams were
taken under various test conditions, and both Ap and g were measured. At
the same time, using the frequency analyser tuned to the predominant fre-
quency of the combustion noise! that is 800 c/ss the noise waveform was
recorded on the oscillogram together with the presBure patterns. [nhe peak-
 to-peak amplitude of the selected noise component were assumed to indicate
Eil. Fig. 1.8 shows the plots of Eg/Ztsp against E , together with the theo-
 retical cu]rves whose vertical scale was so seleeted as to obtain the bes.t.
                                                                       i
 coipeidence of the eurves with the plots. rt turns out from this diagracb
 that the x'"/Ap versus 8 relution resembles in tendency those predicted from
 the theoretical caleulation. ri '
                                                           :
     Fbu7ther, by aecounting the running eonditions Å}nto"considerationt the
 following faets were drawn out. ''
 ") When the pre-chamber type engine runs with idXing knock occurring, e
 iS in a range between O.5 and 1.o. When the knocking is absent with the.
 same speed, g is higher than 1,5.
                                     -7-- •
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  (2) With the swirl chamber type engine, P. distributes over a fairly wide
  range but is clearly subdivided by the engine speed. This wUl probably
  be due to an effect of the swirl intensity on the velocity of combustÅ}on.
  (3) Generally speaking, the engime runs smoothly if S; is larger' than
  1.5. Such conditions were materialized with foUowing cases; at high
  speed with a load and low speed knoek-free running with the pre-chamber
  type engine, at low speed with the swirl chamber type engine, and in the
  entire range when the fuel is injected onto the wall of the $wirl chamber.
  (4) With a divided chamber type engine fuel Å}njection were made indivi-
  dually from the two sets of injection nozzles in the main and auxiliary
  chanbers (Dual injection system)(10). FSg. 1.9 shows the noise eharac-
  teristics measured at varying injectien timing of auxiZiary chamber at a
  fixed timing of main injection. The curve shows a periodic rolling.
  This phenomenon is believed to be caused by twofold pressure riBes occur-
  ring in the main chamber. The interval between those pressure rises
  elearly determines whether the excitation of the noise is emphasized or
  redueed. This supports also the matter that the combustion noise origi-
  nates from the mechanical vibration as mentioned earlier.
                        '
  1,4 Criterion of Occurrence of Knocking and Tts Zntensity
       There is, in fact, no measure nor criterion reasonably describing
  the properties of the combustion noise, such as the knock intensity or
' whether knoek occuvs, except an empirical expresslon of ma)ciinum rate of
  pressure rise in terms of crank angle (dp/de)max in whi.ch C9 denotes
  crank angle in degree. :t is corn!nonly said that for a small size diesel
  engine the knock occurs at a value higher than 4 kg/em2/deg and that a
  furious one does at higher than 5 or 6 kg/cm2/deg. Although the ampli-
                              t
  tude of the transient vibration is determined by the time rate of pre-
  ssure rise (dpldt) as has been investigated in the previous section, the
  knock phenomenon in the aetual engine seems 'to depend not on (dp/dt) but
  rather on (dp/de). This is not explainable enly by the investigation on
  the mechanical system of vibration. !n fact, knock is weak in spite of
  a large (dp!dt) at a higher speed, while even a small (dp/dt) causeS a
  knoek at a lower speed.
       This fact is likely to be understood by accounting the "inaslcing
  effeet"(ii), which is a weu-known phenomenon in the auditory perception
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of a man. Generally speaking, when he wants to hear a sound in a baek-
ground noise, he cannot percieve the objective sound if it is not louder
than the background by a certain degree, in other words, the background
noise raises the apparent limit of audibleness. !t has been known frem
the physiological aeoustics that, in order to discern a harmonic tune out
of the field of white noise, it is necessary for the objective sound level
to be raised higher than the spectral noise level of the frequency of the
tune by a known level which is dependent only on the frequeney, for ex-
ample, by l6 dB for O.8 kc/s. Fig. 1.10 illustrates the applicatSon of
the theory on the present problem. :f any speetrum does not protrude the
hatched region under a firing condition, then the combustion noise is
scareely heard, giving an impression of smooth running. Once some com-
ponents exceed the apparent limit of audibleness, that is, the upper limit
of the hatched region, a listener would experienee the knock occurring
wi+.h the engine. On account of this, the magnitude of 20 logS) indicatea
in Fig. 1.10, which is differenee between the peak noise level ef a com-
ponent and the corresponding motoring level, is con$idered to be a crite-
rion of whether the knock occurs ox not. At the same time, this value
will clearly be a measure of knock intensity. Fig. Z.11 illustrates the
rnagnitude of SP measured for a wide range of the engine speed n and the
brake mean effective prgssure with a swirl chamber type engine, showing
a tendency somewhat close to what.meets the ear.
     If SP is approximated to be the ratÅ}o of the amplitude of combustion
noise ! to that of the corresponding component of baekground noise xb,
then the following discussion may be possible: As is illustrated in Fig.
                                                                   -ilell, xb is largely dependent on the engine speed n rpm and may be ex-
pressed in the foliowing form: .
              Xb == /6 (7t/loeof' (1•9)
where xb is measured in mm from an osciZlogram. Tf 9S is proportional
to the square of the maximum rate of pressure rise (dp/dt)max and to the
reciprocal of pressure rise Ap, as suggested by Eq. (1.8), then SP will
be
              9= xX'"b r'o nzkp (LiZtll)2,..x (1.10)
-9-
By using the relationship dp/dt = 6n (dp/de), ve obtain
            g co A'p (LÅílbi)Z...
Namely, sP is proportional to (dp/dO)iiax for a constant magnitude of pres-
sure rise. In an actually encountered case, the relation between the
amplitude of combustion noise Sif and (dp/dt)rnax would lie between Eq,
(1.7) and Eq. (1.8), probably more close to the latter expression for a
range of 6 near its unity, so that 9 depends very closely on (dp/d8)
                                                                       max t
although rnany other factors may affect it. For this reason, we can con-
clude that the rnaximum rate of pressure rise in terms of crank angle is
a good measure describing the krtock intensity and at the sane time a reason--
able criterion of whether an engine is knoeking or not.
     All discussions in the foregoing section were made for the fundarnental
eomponent of O.8 kc/see of the testing engine and none for higher frequency
eomponents that i"ill probably pZay an important role in characterizing the
timbre of the combustion noise. Since the combustion noise originates
from the mechanical system of vibration, the origin of qharacteristic timbre
of the eombustion noise will be interpreted like this: As the rate of pre-
ssure rise (dp/de) increases, the acoustic limits of audibleness are ex-
ceeded firstly by the fundamentai component, next by the second component of
the noise and so on.
1.5 Conclusion
     As the results of fundamental studies on the origin of combustien noise,
the following conclusions were gained:
(1) The constituent frequencies of the combustion noise of a diesel engine
are irrespective of the type of combustion chamber or conditions of opera-
tion. The immediate cause of the combustion noise is the transient vib-
ration excited, by the rapid change in cylinder pressure, in the mechanical
system consisting of the piston, the connecting rod, the crank am and the
(2) By asBuming that the vibration system was that of one degree of freedom,
the relation between pressure development in eyZinder and the noi$e ampli"
tude was determined. The engine is very smooth if the ratio of duratiOn Of
pressure rise to the period oÅí vibration is Zarger than Z.5.
-10-
'
(3) The maxi!rtum rate of preSSure rise meaSured in terms oÅí erank angle can
be adopted as a measure describing the intensity of the cornbustion noise
and the cirterion of whether']snoek oceurs or not. This physieaX and acous-






































                                   CHAPtTER 2
On Errors of Xndieator due te Pressure Adapter:
A Contribution to an Aecueate Measurement of Pressure
2.1 PL rpose of the study
     with a view to obtaining distortion-free pressure diagrams, pressure
sensitive elernents are to be placed flush with the combustion chamber wan.
Zn many eases, however, it is compelled to use an indicator adapter. An
                                                ,inappropriate one wÅ}ll injure the fidelity of pressure response, thus iead-
ing to errors in the pressure diagrams. Hence a careless choice of the
adapter may occasionally cause unexpected errors in the test results.
     The behavior of the gas system inside the Leading passage haB been
successfuuy treated by acousties or electro-acoustie analogy(12). Most
important problems met with the use of it are probably understanding the
errors in the pressure diagrams and knowing to what extent the passage is
available in the measurement. Some solutions for practicaZ use are recently
reported; such as for detecting the knock phenomenon in gaso!ine engines
(13)(l4) and for measurement of changing pressure at low pressure(15).
     :n this investigation, the behavior of the leading passage is firstly
analyzed from the frequency response as weil as from the transient Tesponse.
E'urther, the errors due to the pressure osciilation which is caused by rapid
pressure ehange in cyZinder are estimated by applying the theory of vibra-
tien. ii"urther, the available range of a leading passege is studied from
several indicator diagrams. An experimenta! and a theoretical investigation
are also conducted in order to ascertain the merit of vibration absorbers
and to know their optimum conditions.
2.2 Theoretical ConsideratÅ}ons on the Behavior of the Adapter
1) Ihmdamental equations
     Fig. 2.1 represents a typical arrangement of an adapter and pick-up
System. A canal with constant cross-sectional area f and Zength Z is open
tO the combustion chamber at one end, and a space of volune V- in whieh a
diaphragrn of the pressure pick-up is instaxled, is connected with the PaS-
Sage at its another end. once the Åëyiinder pressure pz has rapidly changed,
                                     -l2-
for instance, through eombustion, some transient pressure vibration is
caused in the clearance spaeet thus leading to errors in the pressure dia-
grams.
     The equations describing the behavior of the gas system inside the
6anal ere derived by calcuZating conservations oi" mass and of momentun on
the assumptions that the gas behave$ as an ideaZ gas following the adiaba-
tic law and that such acoustic variables as pressure and gas velocity may
be considered as deviations from mean values. DenotÅ}ng pressure, velocity
and density as p, u and P respectively, at a given location x in the canai,
we assume that the density change aZong the canal DR/SX and the change of
the square of velocity Due/t)z are naught in the equations of continuity and
momentum. !f reference density Ro and sound velocity ai-v!ZÅq5571575ip/ m. are used,
these equations become
             gl +R,a,2 eeaett ===o (2'i)
            -i}-/ +-2,l- -ge;. +uv-o (2.2)
where W represents the frictionai force per unit of mass. Under a steady
state, pressure drop per unit length of the canal A,V may be described by
the following formula for a steady flow in a circuXar pipe.
             Pe 1,V' =- ÅíxP -ti R,uz l:l (2.5)
where d is the dieuneter of the canal and 1 the frietion eoeffieient whose
                    -2mean value is 2x 10
                       in a wider range of Reynolds number.
     Bounqary conditions for inlet and outlet of the canal are given by
Bernoulli's equation. As fer the open side, when the gaB flows into the
canal from the cylinder, the pressure at the inlet Pe decreases below that
in the cylinder itz? , while there is no difference when'the gas fZows into
cylinder from the canal. So we may describe the boundary condition at thSs
end as follows:
              P2 -- Pe ==
where ae is the velocity
The magnitude of the
fillet nor throttling.
latter
  P. ui
        [ue ,l; o]
  2-cr2
   o [aeÅq0]
of gas at the Å}nlet andlCt
    fluctuates between O.6
As for the clearance-space
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.
                  (2.4)
the fZow coefficient.
 and O,8 if there is no
 side, in the same marmer
the relation between the preSSure at the point Pec and the ve;ocity u.
:s gzvenr
              fo [u. lo]
     Pe 'd F?a ==l Rsfl.2 [.a..Åqo] (2'5)
The relationship between the exceSs pressure in the clearanee space Pe
and the velocity of gas ZLÅë is determined by assuming that the adiabatic
gas law holds in the space. The folloui.ng formula represents its fi;st
approximation:
       ie?G --- IC?aa,Zf/Ji'u. (2.6)
     ln order to recognize the behavior of the adapter, we approxirnate
the system to a lumped parameter one. rn derivÅ}ng the relation between
,b4 andttb , analogous to Eq. (2.6), it is necessary to consider the total
volume that works as the storage of potential energy, namely, "capaci-
tance". Because such a volume Å}s nearly the clearance space V pius the
volume of pipe )Cl , we can assune the following equation instead of Eqs.
(2.1) and (2.6):
         jti?G--!k!z-giZ--7:.llzaei (2•7)
                                                            'In Eq. (2.2) which concerns the "inductance", if the terms of bu/Pt and
aP/Ox are substituted by da,/dt and-(p,-k)/lrespectively, then we can
obtain the following equations from Ea.s. (2.2År and (2•5):
                    '
         `Ze-- A,/e ÅqIPe-,br.)' Åíii t(e" It,,`I (2•8)
Differentiating Eq. (2.7) and eliminating u, and p, from Eqs• (2.8) and
(2.4), we can derive a kLnd of differential equation of forced vibvation:
where
Wo =
'P(r +2tS 1 Pel Pe
          aa
+ we2 Pe = cc)i Pz




rt is noted that the Zeft side of the above equation represents the
usual mass and spring system ntth nonlinear damping force.
2) Frequency response
     In oTder to derive the relationship between cylinder pressure
and indicated pressure, a further analysis is made from the viewpoint
of frequency response. For this purpose, We introduee the transfer
function G(jtv), the ratio of the excess pressure in the clearance spaee
pG--po to that in the cylinder pz-po, where co denotes angular frequency
and j=V=il. The excess pressure p-po and the ve!oeity of fluid inside
the passage u are, according to Binder 4nd' Halz(16),
         t' - t?, == [ A exp{-( F +) cv /a . )x ] + B exp ((F+2 u,/a. )x ] ] exp (j tt)je )
         U == -R,2i, [A exp{-(F +ltv/ao)x)-Bexp {(F+tiw/a.)z]ext,(a") t')
where A and B are constants and F denotes attenuation facto? to frie-
tien damping of vibration per unit distance along the wall travel.
If all nonlinear terms are ignored, A and B ean be determined by the
follontng beundary conditions; Eq. (2.6) for the outlet of the passage
x=2, and p-p,=eatot for the inlet x= o. Thus we obtain
         ÅqD) (/ .2. v// f., !) te.2'p`Oi{ZF/f,Y/fO.t?+,}a).e/4,)}+(/Å}2cvz/fepÅr
According to Binder and Hall, the attenuation factor F is described in
                                                                'the fol:o"ring form. '
          F=ta.gz
                                                        '
where d denotes diameter of tle passage, S kinetie viscosity modified
by eddy-viscosity for a large ajrtplitude wave. Denoting 48/7Zd2=X
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       jee mkkG(jto)ts
       Pz -P, Pe mPe
          -' CoSL(liZ7Efrb welao+jwl/ao)iTje,C/ae'V/fl•stnA.(!7771Elima,tjnt/a,År(2'10)
mihere are two non-dimensional parameters in this formula: namely, v/fe
and Jr57Z7i;=g. Here they are designated as the volume ratio of the clear-
ance space and the non-dimensional .a,-g.ptpLng..gg..eff-.l'tre.rLt vespectiveiy. Xn order to
know the effect of those parErmeters on the characteristics of an adapter,
the frequeney response was ealculated from Eq. (2.10).
     Fig. 2,2 shows the effect of volurne ratio L,// fl on the frequency res-
ponse, with e=marL!2.=1/10, Xt can be seen that the passage acts asaBort
of "eomb type filter". Frequency where the argument LG is deXayed by
900 exaetly corresponds to alp of Eq. (2.9) in which parameters are 1unped
to one-degree•-of-freedom, so that the same notation is adopted here, By
setting the dominator of Eq. (2,10) to be naught, an equatien to find out
tuo is derived as foZlows:
        fUd e4e" taa baW," -1=o (2.u)
As can be seen from above, the frequency Lijo is a funetion of Li// fl and
independent of the damping coefficient. rn Fig. 2.3 is shown the relation-
ship between ltu,/a, and V/fl calculated frorn Eq. (2.11.), together with that
from Eq. (2.9), that is, '
                                          t'
          edue 1
          ab =' vi7F[l75iib (2.12)
Mhe error caused by lumping parameters is remarkable when V/fL is lower than
 the unity; namely, when u/fL approaches to naught, Eqs. (2,11) and Åq2•12)
 give bcvp/ae =7T/2 and 1 respectively. Howevel, when U/fe is far larger than
 unity, only a smail diserepancy is noticed between them.
      Fig. 2.4 represents the effect of damping where the volume ratio is kept
 constant at the unity. :n' the case of 4 being lo-2 and lo-1, the res--
 POnSe shows deficient damping and in the case of unity it shows an exees-
 Sive damping. A treatment witb Buch a linearized demptng force, howe.ver,
 involves a possibility of leading to misjudgemeht, so that more careful
 treatment is required.
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5) Transient response
     It is then of importance to evaluate nonlinear damping effects such as
the frictional force of the canal and the boundary conditions of Eqs.(2.4)
and (2.5). A study of the transient pressure change in Pfr for a step-func-
tional input with a complete description of Egs. (2,1) to (2.6) is quite
feasible with an electric analog-computer. Solving the partial differential
equations (2.i) and (2.2) is submitted to the space derivatives, thus first
order ordinary differential eguations with time as an indgpendent variable
is obtained. Consider ovztas the number of divisions, and the equations thus
transformed will become the following formulae as-regards the j-th element
of pipe section:
          ' maRe ae2
          Pj= e (UJ-Utt+r)
                             [j- 1, Z, -• • 772. ]
The analog--computer eircuit of Eq. (2.15) is schematically shovm- in Ng.
2.5. Beside the main loop consisting of two integrators apd a sign chan-
ger, there is a sub•-Zoop for sinuZating the nonlinear frictional force,
which' includes emabsolute value generator ar}d a servo-multiplier, FOr
 realization of the boundary conditions of Eqs. (2.4) and (2.5), there Å}n-
 serted, in the termina! circuits, additional similar sub-loops which have
 in them gate-circuits for materializing the inequality due to the gas
 flow direetion. Because of size of the computor available for the study
 (whieh was originally eonst]racted as nuclear reactor simulator at Kyoto
 University), the number of divisions was five.
      Some results for various volume raeios are shown in Fig. 2.6 in
 which a sudden pressure rise by AP in cylinder is assumed to take pl.ace.
 The' numerical values for the computation were:
      Mhe ratio of the pressure rise in cylinder to the initial
        pressure at rest AP/pe=O.55
     !PAEEfs{/y length to diameter ratio tld = 20
      li'riction coefficient A=O.020 '
      Flow coefficient at inlets of the eanal .Ct = O.80
 !n oscillograms pressures in cylinder and in cZearance space are reeorded
 in non-dimensional forms, namely, as pz/Je?e and P4/7?. respectively. BeSideS
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them, the non-dimensional gas velocities at the middle position oÅí the
canal, namely, ZtM/ap, are presented. The shape of the output k is in
close proximity to a square waveform for l!t/fl =O.2 and to a sinusoidal
wave-form for Lx(/fl =5. This is due to the fact that distribution of phase
in the canal becomes uniform with an increasing V/fl, thus resulting in
the disappearance of higher components in S7G . And its transient natiMre be-
comes very simiZar to a one-degree•-of-i"reedom 1umped parameter system if
the influence of the higher components on the shape of pressure response
is tolerated.
     Yig. 2.7 shows the eomputed values ef the non-dimensional angular fre-
quency 0w/a., the mean logavittmic damping factor b and the non•-dimensÅ}o-
naZ over-shoot Åë, in relation with V/fL . The last variable Åë denotes
the ratio of the over-shoot pressure P" at first oscUlation cycle to the
pressure riseAp . Considering that an ideal system without loss holds to
be b =O and ip =tl for any v/fL, we may conclude that the effect of damping
factors increases with V/fe and that the damping effect can be safely ignored
for smaller V/ft than, for instance, 1.0.
4) Effect of development of cylinder pressure upon pressure vibration
     In the case of a small ratio of clearance space, as has be seen above,
the damping effect of Pressure vibration can virtually be ignored and at
the same time an approximation to a lumped parameter system is acceptable
if u)e is properly corrected and if the wave--form of response is not con-
sidered. Owing to the r"act that the governing equation becomes linearized
 in such a case, the influenee of development of cylinder pressure Pt upon
 the ampl#tude of pressure oseillation in Pe can be known.
      rf the damping coefficient in Eq. (2.9) is neglected, then the transient
 response pG+ for the unit step function is .
           PG (t)= 1- ces `e2e t
                              lo]
        [t
                           '
 Consequently, the treatment wili become completely identical to that of
 Section 1.5, if several notations are properly modified, and Sf xo is assumed
 tO be unity, Mrst of all, pG and pG+ correspond to x and xee respectively,
 and ulo signifies the angular fxequency of pressure oscillation. Fig. 2.8
 illustrates new notations employed in this chapter; the emplitude of oseÅ}ld
 lation lif is related to 3f and the magnitude of pressuxe rise ttsp with xs.
                                     -18-
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.
lf te, to and g are defimed similarly as effective rising time, period
of vibration and ratio of them respectively, then the relationship                                                               be--
tween e and sz5 =Nplisp completely accords with the expressions presented in
Tabie 1.l. Therefore the previous conclusions are all valid en the effect
of course of pressure on the pressure vibration induced in the adapter.
2.3 Evaluation of Errors in the Xndicator Diagrams
l) Experimental apparatus
     Zn order to testify the aforementioned theories and to obtain the
knowledge of the damping effect of pressure vibration, experiments were
carried out with a four--cycle diesel engine of pre- chamber type
(cylinder diameter and stroke 95mm and 115 mm resp.). As shown in Fig.
2.9, two pressure pick-ups with passages are set up to the main eombustion
chamber and another one for reference is set flush directly with the cyiin-
der wall for obtaining a distortion-free diagram. They were all strain -
gage type (Kyovra-Dengyo, PE[IP-7B). The engine was operated'under a light
load or without any load so that a high temperature gas might not penetrate
into these passages.
     Either an electromagnetic oscillograph or a cathode-ray tube oscillo-
graph was vtsed for recording. In the former, special caution was taken to
maintain necessary frequency characteristics of the electromagnetic vibra-
 tors (B-type of Yokogawa Electric Works) and their gains were adjusted so
 as to drop by 3 dB at as high as 7 kc/sec.
 2) Effect of pressure development en the accuraey of diagrams
      Passages of three different lengths were experimented for obtaining
 the relatÅ}on between the cylinder pressvure and the pressure vibration
 caused. The temperature of cooling water was'properly controlled so as to
 realize a desiTable duration of pressure ri$e. Mhis duration was measured
 from the pressure diagrams in the manner as illustTated in Fig. 2.10, where
 9b was calculated from the overshoot caused by the transient pressure change.
 The p!ot$ of the relationship between szS and 8= te/tT, were simimarized in Fig.
 2.11. Zt can be seen that their plots correlate on the whole with the theO'-
 retical curves and that the over-shoet ratio sz5 decreases with the rising
 tiMe te and becomes within 10% when g is higher than two. Fig. 2.12 shows
                                      -19-
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typical pressure diagrams each oz- whieh involves three pressure-time
traces simultaneously taken in different ways; namely, the case usxng an
adapter of length l =110 mm (denoted as "A" in Card), the case ofl=sO mm
(denoted aB "B"År, and the case of direct measurement. The corresponding
plots are shown with numbering in the Sb versus 4 diagrarn of Fig. 2.n and
their data are shown in the attached table. Cards 1 and 2 are examples
of almost the same magnÅ}tude of g and Sb but largely differ in the engine
speed. Maximum pressure can possibly be estimated from Carct 2 by joining
smoothly eaeh of neighboring eenters of pressure vibration. Bi3t, in Card
lt the vibration is too coarse to apply such a method in measuring the
maximum pressure. For this reason, the primary requirement for the pre.
ssure record is that the frequency of vibration relative to the engine
speed is to be raised above an allowable value. In the table Å}B shown
the period of vibration in crank angleeb(n: engine speed in rpm, to:
period of vibration in msec) against each pressure eurve. By comparing
these values with the pressuve patterns, we can deducethat, if So
 is less than 20, the Teal pressure development can be tolerably.estimated
 from the diagrarn takeh by the use of the adapter, while it is difficult
 if ed is more than 30. By the wayv Card 3 shows pressure-time records
 with large values of g. Tn the case of 3B, the pressure through a pas-
 sage foZlows the actual course of pressure faÅ}rly well. Consequentiy, a
 reliable pressure diagram is expected when the condition that e is more
 than 2 is fulfilled.
 3) Considerations on available range of an adapter
      The natural frequeney of the passage prescribes the upper limit of
 the frequency spectrum of the measured pressuret so that the natural fre-
 quency must be raised as high as possible. Speaking from the viewpoint
 of installation of a pressure sensitive element, however, a longer passage
 will be desirable in most cases. Consequently, there arises a probl• em to
 know the availability of the passage for a given length,,
      As one of the parameters describing the suitability of the passage,
 the ratio"of the rising time to the period of vibration q(=te/to) has been
 adopted. But, beea}xse the rising time te is not a very familiar variable,
 it iS rewritten by using some well-lmown variables such as the maXimum
 rate Of pressure rise (dp/de')max and the magnitude of pressure rise Ap.
  Their standard values can be known from the knocking and the strength of
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strueture respectively. Provided that the course of the cylinder pressure
is of ramp-step function, the maximum rate of pressure rise measured by
the actual time (P)max is, according to the definition of the rising time,
as follows:
        (b)ntay "' -fdZll, =thet,, kt`S/4 (2•ls)
By using the relation deldt=6n, where n is the engine speed, the rate of
pressure rise is expressed on the erank angle basis. Eiininating te and
to from the relations to=2zla). and g =te/to, we obtain
        ".--E'tnnpe(Tidff;),., e/see (2.i6)
Now, we consider an indicator passage whose diamensions are e =50 mm and
V/fl = O.g, and assume that pz changes from 40 kg/cm2 to 6o kg/em2 and
that the sound velocity before the pressure rise occi.nrs is a. =700 mlsee.
rn this condition, the non-dimensional frequency ldup/a, is estimated to
be O.893 from Eq. (2.ll), so that the natural frequency of the passage
CLI,/27c amounts to 1990 c/sec. Considering that the magnitude of pressure
rise np is 20 kg/cm2, Eq. (2.i6) is then reduced to
   '
     s•si=(,,",.)e (T{IZ'S),,.,. (2•z7)
Fig. 2.15 shows the relationship between' the engine speed and the maximum
rate of pressure rise, in which Eq.(2.17) is expressed in fine so:id lines
for various values ef 4, together with the period of vibration measured
en' crank angle t9a. The hatehed part in 'the diagram gives such a domain
as is abZe to measure the pressure with this passage, where eÅr2 and
eeÅq2.50 as assumed from the eipevimental results as the aZlowable limits.
Besides, p!ots of X, 2 and ' 5 correspond to the running condi"tions of Xn-
dieator Cards 1,2 and S of Fig. 2.12. The tact that plets 1 and 2 are
Out Of the' hatched domain but the plot 3 is in it, seems to fairly agree
With what was deduced from the experimental results; nainelyt IB is poor
because of too high speed, 2B because of too large amplitude of pressure
vibration, and 5B is the eard taken with an adequate conditioni Judging
from these, it will be concluded that the availability of a passage can
be examined through this procedure. In the same diagram, the limitS f-Or
VOZume rabios V/fb=O and O.4 are presented on the sane conditions for the
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passage lengths Z=50mm and 110 rom. Because the point 1 is on the safe
side when V/fL=O at ~ =50 IDm, the Indicator Diagram lB will probably be
converted into a satisfactory diagram if the clearance space of the ada-
pter is reduced to be very small. In the case of Z =110 IDm, however, no
satisfactory results will be expected when the measurement is intended
to be made with any condition of 1, 2 or 3.
4) Improvement of accuracy by absorbing the pressure vibration
In order to evaluate the effectiveness of absorbing the pressure
vibration, several kinds of indicator passages were prepared. In this
investigation, the following three methods were taken up: namely, (1)
narrowing the passage at a constant clearance volume, (2) narrowing the
passage at a constant V/ft and (3) throttling the inlet.
First of all, a number of indicator diagrams were obtained with
various diameters of the passage d at a constant clearance volume V=
0.6 cm3• Cards 4 to 7 in Fig. 2.14 show pressure records obtained.
Through visual observation there is no great variation among pressure
developments of cylinder pz. Card 4 involves a pressure curve taken
with the use of a passage having a relatively large diameter. In this
case the amplitude and the frequency of pressure vibration are large.
As the diameter of the passage is reduced, both the amplitude and the
frequency decrease, as seen from Cards 5 and 6. If a very narrow pas-
sage is once used, as in the case of Card 7. the pressure no longer
follows up the real cylinder pressure, and the accuracy of the diagram
is sacrificed. Therefore, it is necessary to find out an optimum diame-
ter at which both the amplitude and the delay are minimum, and we can
recognize that Card 6 almost fulfills this condition.
Since the passage was narrowed at a constant clearance volume in
the above mentioned experiment, the volume ratio V/fL at the optimum
condition came up to a large value, thus leading to a low natural fre-
quency of pressure vibration. Consequently there arises a question
whether or not it is possible to absorb the vibration without any in-
crease in V/fL. In order to find out the solution, a test waS made at
the constant volume ratio. Some pressure diagrams are shown in Fig.
2.15 (a); for the case of V/f~=l and t=50 mID. As can be seen from
Card 10, a very small amplitude of oscillation is materialized with a
0.8 rom-diameter passage. Moreover, the "decrease in the natural frequency
-22-
is not large, as seen from the table.
     Another damper was the throttle placed at the pasBage inlet oÅí the
combustion chamber side. !ndieator Cards 12 to 15 were obtained by
varying the area ratio of throttle to passage m from unity down to O.29.
A fairiy large amplitude in the non-throttled condition, that is eorres-
ponding to Card 12, is redueed to half by changing m below O.45, as seen
from Card 15, and to a quarter with O.56, as seen from Card l4. An ex-
cessive delay is found at mab.29 as seen from Card 15. Hence the optÅ}-
mum condition of damping is considered to be near O.36 of m. Zn addition,
the natural frequency is little affected by throttling, as is seen from
those Cards and the table.
5) Estimation of optimum condition of absorbers
     As has been reported previously, if the degree of vibration abeorb-
ing exÅëeeds a limit, an improvement in aceuracy by reducing the amplitUde
of oseillation vtill be spoÅ}lt because of a long time of the indicated pre-
ssure in following up the veal cylinder pressure) thus cauping some in-
accurate pressure diagrams such as Cards 7, 11 and 15. Hence theTe is an
optimum condition in the degree of vibration absorbing, As seen from Eq.
(2.9), hewever, the damping term of the equation gove]ming the gas system
inside the passage is so strongly nonlinear that we eannot find out this
condition in general. Fortunately, in the special case where the cylinder
pressure is assuraed to develop step-functionally, we can approximately
estÅ}mate the optimum by putting the fellowing assumptions: namely, that
the optimum damping holds merely when the Åëylinder pressure is changingr
and that, under the optimum damping condition, the rate of prqssure rise
Of output pG is nearly donstant during the pressure riBe. :f,in the second
term of Eq. (2.9), [PGI is agsumed to be constant, then the equation goverm-
ing pressure in the clearance space becomes a linear dSfferential equation
as follows:
          Pe "+"2{i9(Pe)MIPc.ttVa2PG =- CdoaPz (2.18)
Where (PG)M Å}s the average rate during the pressure rise. The mede of re-
SPOnse is determined from the reZative magnitude of the damping coeffi-
eient, namely,
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               z9(Pe)M/"2o Åq1 Vibrational response
                          =1 Critical damping (2.19)
                         År1 Non-vibrational response
Consequently, the critical damping condition for the present case clearly
depends on the choice of the mean rate of pressure rise. rn order to
give it a reasonable value, we eonsider about the duration of pressure
rise at the optimum damping. In the case of a non-loss system (i9=O), it
takes a quarter of the period of oscillation, i.e. to14, for the response
pG to change from the initial pressure po to the equilibrium pressure
(po +Ap), Consequently, we can make the assumption that, in the system
submitted to some degree of damping force, this duration carmot be less
than to/4. Hence, the upper limit of the mean rate of pressure rÅ}se is
    ' (Pe)MÅqS,Si-/4 =(2/z) dPLVo (2.2o)
If an arbitrary value less than the right hand side of this relation is
given to (PG)"1, there is a chance to cause an excessive dampÅ}ng because
the smaller value of (PG)M will give the higher degree of damping. On
the contrary, if the upper limit is used, then the response will be of
somewhat poor damping but never of an excessive one; namely, it is always
on the safe side. Mhe critical damping eondition thuq safely estimated
is then described from Eq. (2.l9), as follows:
- S(Z/rz)dp -/
or, according to Eq. (2.9),
          (! -f v// fe)itt +A (1ÅíÅÄ))-z7c/t -llipl;- Åq2•2i)
     By solving this equation, we ean predict the optimum throttle ratio
m in the experiment of the throttle damper. Zn this case, the flow eoe-
fficient .e( i , in Vhe above equation, is replaced by .ptm amd the foilowing
numerical values are given.
        dP/p, =O•71, v/fl =o.144, e/d =16.7,
          }it =1.40, A =O.020, .Ll=O.80.
Then we obtain r[ptO.59. This value roughly agrees with the throttle ratio
 Of Indicator Card 14, that'is, ih=O.56, where the measured pressure was
 descxibed almost to be in the optimum damping condition. As regards the
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other type absorbers, Eq• (2.21) may be appiied in estimating the opti-
mum damping condition, if ar: accurate value of the friction coefficient
X is onee known.
2.4 Conclusion
     As the resuZt of the theoretical and experimental study on the in-
dicator adapter for the cylinder pressure measurement, the follewing con-
clusions are obtaÅ}ned:
     (l) The passage works as a cornb-type filter in transmitting the
cylinder pressure to the pressure sensitive element. Mhe magnitude of
pressure emplitude caused by a pressure rise in cylinder is decided by
the ratio of the rising time to the peptod ef oscillation, if the effeet
of damping is not considered.
     (2) A distortion--free diagram can be safely gained by using an indi-
cator passage if the rising time of pressure is twice the period of gas
oscillation and if the 'crank angle of the period of oseillation is lesB
than two.
     (5) Conce]ming the availabÅ}Zity of the vibration absorbers: Extreme
narrowing of the passage at a eonstant volume ratio of clearance space to
the passage malÅíes it possible to effectively absorb the oseillation without
a large sacrifice in the frequency. Throttling is also effeetive as a mean
of suppressing vibration. Moreover, an approxirnate method of finding out
the optimurn damping condition was derived against a step-functional pre-
ssure change oceurring in the cylinder.
-25-
                                CIELAPTER 3
Influence of Connecting Passage on Combustion Noise in Divided Chamber
     Type Diesel Engines
3,i Purpose of the Study
     According to CE[ApmER 1, the combustion noise of a diesel engine is
originated by some mechanical cause involved with a sharp pressure rise
in the main combustion chamber. As regards the pre-chamber type engine7
the pressure rise in the main chamber is the key to determining the in-
tensity of the combustion noise, rather than the course of pressure in
the pre-chamber, which, of course, has a close conneetion with the pres-
sure in the main chamber. This fact is also supported by Nagao and
others(17). Hence, it may be statect as the generai tendency of the
noise formatz-on in the divided chamber type dieseZ engine that the rate
of pressure rise in the main chamber is determined by the rate of heat
release in it as well as by the transmission of the sharp pressure rise
in the auxiZiary chamber into the main chatrkber, How the latter Sn-
fluenees the pressure rate in the main chamber wiXl be closely concerned
with the cross-sectional area of the connecting passage.
     !n thts study, this effect is theoretically investigated by
introducing idealized models. Firstly, on the assumptions that the proT
cess is quasi-static and that a step-functionaZ pressure rise happens in
the auxiliary chamber, the influence of the area of the connecting pas-
sage on the pressure development is evaluated and then experimentally
by an air tank that simuiates the main combustion ehetuber. As the second
stage of the study, a thin vrater sheet is applied to reveal the phenome-
na of pressure vrave propagation from the auxiliary chamber to the main
chamber as weXl as that taking place in the main charnber. FinalZy, based
on these results, considerations are made on the rnaximum rate of pressure
rise in the actual engine.
5.2 Quasi-Static Pressure Deveiopment in the Main Chamber
1) rdealized system of the combustion ehamber
     At first, the following model of combustion chamber system was Con-
                                                          '
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sidered: The occuxrence of the sharp pressure rise due to combustion beimg
usually confined to the neighborhood of the top dead center of crankshaft,
the space of the main combustion chamber virtually remains constant during
the combustion. The pressure jumps step-!"unctionally in the auxiliary eom-
bustion chamber, although its aetual course may be too complicated in nature
to be ealculated. There is no heat release in the main ehamber. And, after
the pressure jumps in the auxiliary chamber, the pressure in this chamber is
held constant.
     The state of main chamber under these assumptions is analogous to that
of an evacuated tank beir}g filled with aÅ}r through an entrance from the sur-
rounding of the infinite space. Fig. 3.1 illustrates the actual system (a)
and the analogous system (b), The present problem is then reduced t.o find-
ing out the pressure response in such a tank where the pressure at the
inlet is suddenly changed.
     The relationship between pressures in the auxiliary chamber pl,
whose space volume Vl is Å}nfinite for the present case, and in the main
chamber p2, can be derived from the mass-and tl?e energy-equilibriums ef gas
flowing in through the eonneeting passage whose cross-seetional area is de-
noted as f. 'Consequently, the quantity of ga$ transferred dG at an infini-
tesimal duration dt ean be expressed as follows:
         dG =•L(f ge. .k-, ((2A, )2"f4-(pl',e)`te"'/k}.de '(3.1)
where, s: acceleration of grsvityt vl: specific volume of gas in the auxil-
 iary chamber, .tt: flow coefficient, K: ratio of specific heats of gas.
      !f pressure in the main chamber rises by dp2 due to the gas inflow dG,
 the energy balance equation may be represented as follows:
          a(e=kRV;, 'dp. (3•2)
Where, V2: volupte of the main chamber, Tl: temperature in the auxUiarY
 chamber, R: gas constant. Eliminating.dG in Eqs. (3.1) and (3.2), we
 obtain the finaZ relation, -
           d.Pt t-etl "tEZ$'"'. '`fi'ili.i) Å~ ,i-`,{(Lll,t-i:iro-C ,"')`ze"''/rc] (3'3)
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where D is the cylmier diameterarxit6L, is the sound velocity in the auxi-
                                                         'liary chamber (a/=pt1). Denoting the pressure and the sound velocity
before combustion as pc anq ac respeetively, and adopting them as a re-
ference state, we can rearrange Eq. (3.5) to give
         -2f,I7(1-lt.-j)--•'iLZ]E:{zi-)`!-,K ,ai ,e.t
wheret
          ko ;-ddfP/Uz l (5•5)
          te =p/ac I .
K is a non-dimensional number charaeterized by the geometry of the com-
 obustion chaJnber, containing the cross-sectional area of the connectSng
passage; to represents the unit of time. !n this case, cylinder diame-
 ter D is not necessary for the present analysis because the uniformity
 of pressure inside the combustion ehamber is assumed here and no at-
 tention is paid to the phase distortion of pressure due to gas inertia.
 Eg. ÅqJ.5) has been presented only for giving a room for some further dis-
 cussion on such a transient process, Consequently, the present treatment
 will be lintted to a study using a ratio of them: namely,
                                 -t (3e6)                  v'iEIka
            K= t, sec . .
                                             '
 Thus the maximun rate of pressure rise, caused by a rapid pressure rzse
 in the auxiliary chamber, is derived by putting in Eq. (3.6) the relationS
 Of pl=pmax and p2=pc, as follows:
       ['`!Åqli'l;esLB/tza']ma,=Ktt,)(32") .
           xv;stCll:5ny(5kll5VwtY (3•7)
 This formula yields the maxirnurn rate of pressure rise as a function of Kf
 and means that the maximun rate due to the inflow of gas into the rnain
 chamber does not exceed a definite value given by the coefficient K.
      As Eq. (5.4) refers to the ease of a quasi-statÅ}c inflow of gas, So
 the pressure in the main chamber p2 will approach asymptotiCallY tO Pmax
                                     -28-
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1-1 19 .1.rtot 1.b9 nl.7,10i rt1.B.10i -IO.JO.10
4-2 5.0) 56.5 45.2 O.29
1.5 8 .4,lot 1.59 5.2 4.1, O.521-q 5.05 n6.1 9.6 1.4
1-5 5•7,loa rt.59 2.5 rt.5 1.5
1-6 ).o] 7.0 4.6 5.2
1-7 n •72.loa rt.]9 1.06 O.89 b.8
1--B 5.0J J.5 2.2 6.7
Fig. 5.4 Oscillograms of pressure changes
'
.
tat its equilibrium pressure. The actual pressure-time trace, however,
will show some pressure vibration due to the inertia effect of gas, which
will serve for p2 to exceed over pmax or to accelerate the pressure more
rapidly toward pmax thari -rithout it.
2) Experimental approaeh by simulation tank
     In order to realize the foregoing idealized system of the eombustion
chamber arrangement for observation of the pressure rise in such a process, •'
an air simulation tank was employed. Its toÅ}al arrangement is shown in Fig.
5.2 and the full sketch of the main chamber uith its entrance in Fig. 5.5.
The sudden pressure rise in the auxiliary chamber and the air flowing into
the mEiin chamber are simulated by a break-off of the cellophane diaphragm
which initially endures the pressure difference of two chambers. The dia-
phragm is piereed through a needle triggered eleÅëtrieally by an externa1
signal. The volume of .the auxiliary chamber is so large as compared with
the main chamber that the assumption that the pressure in the auxiliary
chamber holds constant after the step-funetional jump, may be realized,
For this reason, the volumes of the auxUiary chamber and the main chambgr
were chosen as ls70 cm5 and s7.s cm5 respectiveiy. pressure pickups used
were of straim gage type designed as cylinder pressuve indicator (nominal
vaiue of naturaZ frequency is above 55 kc/see), and their recording was
made on a dual beam cath,ode ray oscillograph.
     Fig. 3.4 shows examples of pressure records obtained by various areq
ratios of IÅq under the definite pressure ratios of pmax/pc=1.39 and 3.05.
In Fig. 5.5 the experimental pressure-time traces are shown together with
the theoretical curves yielded from the integration of Eq. (5.4), for the
serial cases of pmax/pc=1,59. )Vunerical values for this computation were
as follows:
     IC=1.40, -eC=O'65, Pmax/Pe=1'39,
     a,=a.=340 m/sec (zsOc)
The theoretical curves drawn in the fÅ}gure virtually eoincide with the
  .
experimentpl ones, especially in the earlier stages of pressure rise, aX-
though the theoretical ones were obtained 6n the assumption of a quasi-
s" tatic process. Therefore, it may be probable that the departure froM
the quasi-static process is so small except in the later staggs of PreSp
sure rise that effects of gas inertia in the system are negligible aS
Compared with the throttle effect of the connecting passage, rn the later
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 stages of pressure rise, however, a remarkable gas oscj.11ation is observed
 with a large value of K. "lhis may be due to the inertia effect of gas.
      In the actual engine, the knock intensity and the eriterion of wheth-
 er it is knocking or not are predominantZy governed by the maximum rate
 of pressure rise or by the maximum pressure and the rising tirne of pres-
 sure rise due to combustion, as stated in CFAPTER 1. For this
 reason, the availability of Eq. (3.7), i.n whtch inertia ef gas has been
neglected, for the pressure rising rate obtained experimentally with the
 simulation tank, was examined. In order to avoid the complexity of the
pressure rise at its very beginninLg, as has been seen in the oscillograms,
 an average rate frem 25%o to 50g/Jv/ of pTessure rise was conveniently adopted
as the rate of pressure rise to be compared with. The measured rate was
plotted in Fig. 5.6 by d(p2/pc)dt sec-l, as the function of K. In the
same figure are shown the corresponding theoretical Zines: One is the line
calculated by Eq. (3.7) and the other is the value of pressure rise at
38%o which corresponds to the middle pressure at 257o and 5091vt. Zn the upper
half of the figure are shown the plots and theoretical line, of the ris-
ing time te, defined as the duration of pressure rise at 10% to 90%o. This
figure indicates that the average rate of pressure rise and rising time
virtually eoincide with their theoretical values of a relatively wide range
of K. Consequently, the validity of the eguation with the inertia effect
neglected seems proved when applied to the practical system containing such
a transient proÅëess.
     By the way,.in Fig. 3.6 the effect of the length of the connecting
passage ja• is shown as the plets of dark circular mark. :t can be seen
•,that there is almost no influence given on the rate of pressure rise but
that a s,light change is observed in the rising time te for different lengths.
     Concerning the vibrations at the end of pressure rise, the pressure
was measured at different positions.in the test tank, and was compared with
that at the original measuring position. Fig. S.7 (a) shows a simultaneous
record of pressure in the case of K=ig.b[io-2secPl: one is of the original
position and the other is of the different positÅ}on in the same chamber as
indicated as Loe. 2 in the figure.. No great phase difference can be seen
for the fundamental component of vibration, although higher frequency COM-
Ponents do not show any rerrverkabZe general rule. Fig. 3.7 (b) shoWs cOMd
parison between pressure at the original measuring position and that at a
different position in the auxUiary chamber indicated as Loc.5. :t can
be seen from it that two principal frequencies are not identieal with each
                                    -•30-
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other. Therefore, it is ascertained that the pressure vibration is not
of the category of resonance of the whole gas system. Judging from these
experiments, the vibration system may be considered as a sort of Heltnholz'
resonator consisting of the space V2 and the eonnecting passage. From
other experiments with different passage lengths 0 as summarized in Fig.
3.8, we can notÅ}ee that a longe= passage generaZly has a lower fre-
quency.
3,3 Dynamic Process in Cylinder Simulated by a Thin Water Sheet
     In the previous Section, little attention was paid to the dynamic
aspect of the matter, that is, the pressure wave propagation produÅëed tn
the combustion chamber by such an unsteady flow phenomenon which is com-
pleted.within a very short duration, assuming it as a quasi-static process.
In order to estimate more accurate couvse of pressure in the actual com-
biistion chamber, the engine eylinder was simulated by a two-dimens;onal
unsteady water analogue tank.
     An Emalogy between pressure waves in compressible gas and gravity
waves on the free surface of a Ziquid has long been known. By a proper
selection of state paraneters, analogous relationships are derived about
pressure and specific volume in gaseous system. This technique has a
                                                                     ,wide Hpplicability in analyses of complieated flow phenomena; e.g. s:mu-
lations of a two-dimensional supersonie steady flow, of development of
gaseous detonatien in a unidimensional flow field(18), and of sound waves
in a room. Because the wave speeds are lo";, the hydraulic ana!ogue is
especially convenient for the study of unsteady flows as occue in the in-
 let anct exhaust ducts of reciprocating machinary(19)(20). As the theory
and practice of the simulation technique of a two-diTnensional unsteady
flow were recently developed and achieved by Dinkelticker(21), the present
 study on the pressure propagation phenomenon in the eombustion chamber
of diesel engjne is made on his work.
 1) Basis of the analogy
      A free surface liquid flow is firstly taken up. Ignoring vertieal
 components of velocity and acceleration, the pressure wilZ vary in the
 verticaZ direetion according to the hydrostatic law, and thus the resul-
 tant velocity wiil be constant on vertical lines, Taking the bottom Of





















the channel to be in the x, y-plane, as shown in Fig. 3.9, whose non-
dimensional representation is XpY-plane, and using h so as to denote
the depth of water, where the non-dimensional ferm is H, the governzng
equations are as follows:
                       P(HU)a(HU)
        3{l + ex + jÅry --o (Equation of continuity)
                                                                (3.B)
         g\ +u .bxU +vrg!Y+-- .a.lll,••• (Momentum equation)
where z is the non-dimensiDnal time of t. All non-Tdimensional vari-
ables are represented by Teference length, depth, time and velocity ?o,
ho,to and ao respeetively. The last one is the propagation speed of an
infinitely small amplitude wave. The non-dimensional numbers are then
expressed as follows:
        X= t/e-., Y=Y/t., ht =rfu/E., U- g/ao, U == b/a,, 2r' mL t/t, .
Consequently, the following relationships must hold in the reference time:
to '- le /a".
     If the corresponding state parameters for the two•-dimensional gaseous
flow are distinguished from parameters for a free surface liquid flow by
putting the asteriskse, then the governing equations can be given as follows:
         llllll'i -t- D(,i,[l.sil!*) .rp, =,
         mRe)IKIIfl1-i-u'\sU'+v'S&Uy'-.-:--71ip-agsx7Ti-Elltlll}lltRz'i•t••
                                                    ,
where Poes and poee are reference density and pressure
7T"e are non-dimensional densÅ}ty and pressure defined as
         Å~' •.--= xS/l.X, Y' =Y. '/to", tLli= or'/a.*, V"- v'/a,*
         P'=: pt/Po' , n'= P'/Po', z'- t7t,t ,
where there is a simiiar relationship of toi'iZoi/aocee
     lt may be noted from comparison between Eqs. (3.8)
equations for gas motion are formally similar to those for
face liquid motion, hence the following correspondence'
logous Telationships: namely.
           H=Pce, U=U-, V=V.+, X.XN, Y.Y-
Zf the adiabatic Zaw of specific heats kX ho]ds good in the
                                    -32-
respectively.
   follows:
(3.9)
Psc and
 and (3.9) that the




          -rr* :pSK*, P.'aoscZ =teSP,* (J•10)
By using these relations we can rearrange the right hEnd side of the $e-
cond formula of Eq. (3.9) as follows:
          - S, 2,";•-.9-elit.P' '`i3..et' ---(pt)ntL2•-9.Ui-.P' (3.n)
Therefore, k-=2 is necessary to satisfy the similarity of this to the
term of right hand side of the momentum equation in Eq. (3.8). In other
words, the relations of isentropie gas dynamics are to be applied to the
hydraulie analogue by setting icee=2. Hence, the aensity ratio P+ is equi-
valent to the depth ratio of model H and the pressure ratio 7T'sc to H2.
     In the water channel experiments the seleetion of referenee depth of
model ho must be of importar.ce. Zn the free surface water flov the pronyp-
agation speed of infinitesimal amplitude disturbance is generally a fune-
tion of the wavelength because of surface tension, while the seund veloc-
ity a-e in the still gas does not depend on the wavelength. The calcula-
tion results of the relation between propagation speed and wavelength in-•
dicate that capÅ}llary waves behave most like gravity waves for depths of
about 3 to 4 mm(21). zn a practical sense, however, a larger reference
depth'is more favorable than thel optimum for the conveniences of depth
measurement and of escaping from the effect of friction produeed at the
bettom, thus the reference depth being made as large as about 14,mrn in
the present experiment.
     One of the benefits ot the simulation is tine magnification of the
exceedingly fast plienomena oecurring in the engine. Considering the engine
having a bore of 95 mm in diEuneter, which has been employed in the previous
Chapters as an example, the sound velocity at the end of compression reaches
550 m/sec. If we select 14.2 mm as the water depth hc at the end of com-
pression for simulation, the propagation speed ac is
                          a, == Jeltre =O•573 m/sec (5i12)
Cylinder bore D being occasionally made 190 Tnm in the model, thus the unit
Of time to=D/ac is O.51 see. rn contrast, to-=o.l7sxlo-3 sec being esti-
mated for the aetual gaseous system, the time magnification factor to/to-
is of the order of 5000 in the present case.
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     Tn the main combustion ehamber of the divided cheJnber type, combus-
tion chamber having a connecting passage of the cross-sectionai area f,
the maximum rate of pressure rise due to the quasi-static inf!ow of gas
into the main combustion chamber was indueed on the assumption that there
happens a step-functional pressure jump in the auxiliary eombustion cham-
ber. :ts non-dimensional rate r2 is, according to Eq. (3.7) in the pre-
vious section,
       rx = di(Pt-1Åqt..`i -- JiE7Tk. (kff.`)C3Kth')/zk
               ic (( Pc )2!k-( ` )Åqlt+r)/k. (5.13)
         Å~
             k-/ Pmai ,P'7nax ,
where to and Ko are the unit time and the non-dimensional cross-sectional
area of connecting passge respectively. They are expressed as follows:
         k. --)`ifP/V2 )
where, D: diameter of bore, ae: sound veZocity at the end of compression,
lt: ratio of specific heats, .e(: flov; coefficient of the connecting pas-
                                                                       '
                       .sage. As being rigorous ntthout the inertia effect of gas, Eq. (3.15) may
be considered to be an asymptotieal formula for the srnall value oÅí Ko,
  '
     In arriving at the analogy, we essume that the water flow is two-
dÅ}mensional. Consequently, this would call for a special consideration in
representation of Ko=vCtfD/V2 on the water model in the two-dimensional
sense. Fig. 5.10 illustrates the concept ln which a fictitious eombustion
chamber of constant thickness c is presented, Mhe connecting passage of
area f iB then reduced to a reetangular of c in height and. Zf in breadth,
namelyt
       f = lf -c
rn the same manners the volume of inain combustion chamber V2 is
       V. =F•c == re/4.pzc.
According to these reZations, Ko may be rearranged as follows:
                              '
       ko = `C2te- -: -f'"2i?iiKti,` .S?. -t \ • S' ' (s•is)
The ratio of specific heats being /C =2 in the water model, Eq. (5.15) is
finally reduced to be
       ra '-2Ke ilniLtY` Z rznt.z-r.n:.T,,rzms!2) (3'16)
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e: tank enalogous to mein chamber
b: connecting passage
c: tank analogous to auxiliery chamber
A,B and C: probes tor sensing the vater
?: celibrator ror setting initial water
 Rtg. 5.11 Details ot "ater simulation
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 2) Experimental results and considerations
    Ex erimental a aratus
      The water channel analogue is illustrated in Fig. 5.11, showing the
 top view of the apparatus, where a is the tank equivalent to the main chamber
 of the divided ehamber type combustion chamber and b to the connecting pas-
 sage. The part c corresponds to the au)ciliary chanber with which such a con-
 dition is almost satisfied that a step-functional pressure jump rnay happen
 in the auxiliary eombustion chamber and the pressure may be held constant
 after the jump. Therefore, the surface area of the auxiliary chamber is nvade
 to be about ten times the piston area to be simulated, and its depth at the
, beginning to be ten times the reference depth in the main ehamber so that Å}t
 is possible to recover the height of water near the connecting passage as
 fast as possible by multip!ying the propagation speed in the auxiliary eharn-
 ber by several times.
 . The water depth is measured from the qlectric resistanÅëe of water through
 O.3 mm-diameter stainless electrodes steeped Å}n the liquid at a distanee
  of iO mm in parallel, Thus the resistance which varies according to the
 water level is coupled with solid resistors, eomposing a kind of eleetric
 bridge, and an alternative cvtrrent of 60 c/sec is supplied on it. As is seen
  in the cireuit diagram of Fig. 3.12 impedence mELtching is made to an eleetro--
  magnetie vibrator of an oscillograph, by falling down the output fraction of
  about 1150 the primary voltage through a differential type transformer. The
  measured current versus actuaL change of depth is shown in Fig. 5.15 showing
  a relatively exeeZlent linearity. However, the qurve shows a hysterisis due
  to eÅífect of meniscus formation around the electrodes so that the qrror a-
  rncunts to as high as O.5 mm in water ievel if the ievel is put back again to
  the starting position. This error seems inevitabZe as far as the electro-
  des of finite dÅ}ameter are used. Th]ree couples of electrodes are located
  in the,positions indicated as A, B and C in Fig. 5.11 and the one in the
  auxiliary chamber tank. Mg. 5.14 is an example of oBcillog;ams taken with
  thoBe installations. Zt is noted that the enveiope on the 60 c!sec-carrier
  Waves indieates a deviation of water depth from the reference in each measur-
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?ig. 5.16 Snapshots ot -eter propagation et Ko. O.27
ing position.
Experimental results and eonsiderations
     The water analogue was applied to such a transient process as the gas
in the auxiliary ehamber suddenly streaming out into the main ehamber entng
to a eombustion taking place in the'auxiliary chamber. rn Fig. 3.15 the
pressure-time traces reproduced from the oscillograms are shown for each
measuring position. They are derived at constant pressure ratio, Trmax:
pmax/pc being 1.73, for three different-ratios of connecting passage, namely,
Ko=O.27, O.107 and O.040. .
     The abscissa of the diagram is the non-dimensional time, that is, the
ratio of actual time to the unit time of to=D/oLe. The pressure is obtained
from the square of water depth and is presented in the ratio to the initial
pressure. !t can be seen from the figuve that there is a considerable dis-
tortion of pressure eoncerning the measuring position, espeeially in the
very beginning of the influx of gas from the auxiliary ehamber: A sharp pres-
suee pulse is fombed near the eonnecting passage and spreads and concen----
trates in the main ch' amber. rt is deformed later by the reflection of waves
from the boundary.
     Wave height of this pulse is generally low at the spot B, that is, the
center of the chamber. On the contrary, the water level riseB at the spot
C due to the convergence of reflected waves, and, with Ko=O.27, it exeeeds
the equilibrium pressure ratio only through the aceumulation of such ref-
lected waves. ASter successive influxes, the pressixve overshoots the
equiXibrium, causimg an oseillation of relatively low piteh. This oscil-
 lation is remarkable when Ko is large. Owing to thist the pressure ratio
at each measuring position exceeds the unity between 1.5 and 4.0 of t!to,
with Ko=O.27. Th4s low pitch oseillation originateq. from the effect
 of inertia distributed in the main chamber and the neighborhood of the
 COnnecting passage, as has been observed in the air-tank model experiment.
      Fig. 3.16 shows the successiveiy taken photographs of wave propaga•-
 tion, with Ko=O.27. Film (:) corresponds to the earliest stage of an in-
 flux showing an arc-shaped wavefront of discontinuity. Zt roZls fast in
 the field of the main chamber [Film (2)] and reflected waves are concent-
 rated near the spot C [Film (3) and (4)]. After fully developed [Film (5)],
 the waves spread producing a negative pressure region. At the inZet, a
 new wavefront is formed which assists the further .inflow of fluid into the
                                      'main chatnber {Film (6) and (7)].
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      As shown above, in the cylindrieal bJater-tank, the wave reflected by
 the wall plays an important role in the development of a pressure rise in
 the main chanber. In order to cZarify the effect of this wall reflection,
 another test was made with a rectangular tank. Its size was chosen so
 that its surface area might be equal to that of the cyZindrieaZ tank and
 the distance between the inlet and the opp, osite side of boundary might be
 equal to the cylinder diameter. In Fig. 5.17 a pressure-time trace aehi-
eved with the rectangular tank is shown together with that of cylindrScaX
 tank, where the conneeting passage is of Ko=O.27 for both eases. rt is
seen that the pressure changes more sharply with the rectangular tank
than with the cylindrical tank, especÅ}ally at the beginning. Waves in
the rectangulaT tank propagate some"ihat one-dimensionally across the cham-
ber, so that the degree of wave attenuation due to the reflection and in-
teraction is le$fi than that of the cy!indrical tank, On account
of this, a relatively sharp pressure rise wilZ oceur wLth the rectangular
tank,
     Fig. 5.18 shows rnaximum and average rates of pressure rise, measured
at the spot B, that is, the center of the eylindrical tank. They are
given as functions of Ko in the form of d7T./d(t/t,). )Iaximum rate of first
pressiM7e impact is always iargest in the total course of pressure rise,
and the rate of second impact comes after it. Tn them, the average rate
is the tangent of pressure rise, fine waves in it being ignored, and the
line drawn in the figure denoting the theoretical value calculated frQm
Eq. (3.16) in whieh inertia effect is ignored. {Phe figure shows that the
average rate is nearly proportional to the theoretical in the entire range
Of Kop but that the maximurn rates of early pressu]re rise are exceedingly
large compared with the theoretical. Steep aeclivities are seen in both
MaXimvun rates, in the range of Ko between O.06 and O.10, and these rates
WUI approach certain definite values at the extremes of Å}he large Ko as
well as of the small one.
     Mnally, the effect of the course of pressure in the auxiliary eham-
-ber on the pressure response in the main chamber'was studied by fitting
UP the test tank with a device for realizing a variety of water depthd
tiMe relations: The water level was initially set up by amassing in a
bell-shaped tank that was immersed in a liquid at the auxiliary chamber
tank, and, by keeping its cock open to the atmosphere, various speeds of
Water level were materialized in the test tank. The test results fOr
Ko=O.27 are shom in Fig. 3.lg, contrasting the pressure-time traces
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measured at the spot B with those in the auxiliary chamber, namely the
input waveform IT 1• All curves gained by a gently sloping input are
smoother tp~ the curve gained by the step-functional input as has al-
ready been seen in Fig. 3.15, and no sharp pulse is seen at the begin-
ning of influx of fluid with those curves. In the response waveforms
of 1 and 2, there occurs the same kind of low pitch oscillation of pres-
sure' as experienced with the step-functional input. Its amplitude will
diminish with a decrease of the slope of input waveform. Lastly, as re-
gards the rising rate, a rapidly ascending step is observed in the pres-
sure of the main chamber of 3, the maximum rate of which reaches a far
larger value than that seen in the corresponding input curve, being as
high as those of responses 1 and 2.
Summarizing the above, the hydraulic analogy to a two-dimensional
unsteady gas flow is a suitable mean in shedding light on the qualitative
aspects of pressure wave propagation in the combustion chamber. Some im-
portant revelations of the study are as follows: vThen pressure in the aux-
iliary chamber changes step-functionally, a sharp pressure pulse spreads
in the main chamber, follo~led by a rapid pressure rise and a pressure
vibration of relatively low pitch. Such pulse and vibration decline with
the decrease in the cross-sectional area of the passage and with smoothing
the pressure change in the auxiliary chamber.
3.4 Pressure Rate in the Actual Engine
As shown above, the maximum rate of pressure rise in the main chamber
is, owing to the pressure pulse, exceedingly higher than the theoretical
value predicted on the assumption of quasi-static process. As has been
observed on the last experiment of the water model, however, this pulse
disappears as soon as the pressure change in the auxiliary chamber is
slowed down by a little. Since the pressure course in the actual engine
is far from a step-function, the pressure rate in the main chamber pre-
dicted by Eq. (3.7) will give a value not distant from the practical. On
the other hand, according to CHAPTER 1, the intensity and existence of
knock in the actual motor may be roughly expressed by the rate of pressure
rise on crank-angle basis: 3 kg/cm2/deg may be a limit of audible knock-
ing while 5- to 6 kg/cm2/deg gives intense knocking, and 4 kg/cm2/deg may be
considered to be an allowable limit for knpck intensity. These knowledges
will give an area ratio of connecting passage with which the pressure rise
-38-
is not influenced by the sharpness of the pressure rise in the auxiliary
chamber.
     Tf pe and ac denote the pressure and sound velocity at the end of
compression as the reference state and if it is assumed that gas whieh
flows out of the auxiliary chamber just after•the pressure jump is simply
of the adiabatic compressien from the initial state of pc and ac, altheugh
the actual change will be far from this owing to high temperature produet
due to combustion, then the following relationship holds between pl and al:
         'iai\', == (pP.t)(ic-l)/zfo
Transforming time variable t sec to erank angle e deg by using the Te-
lation d8=6ndt, where n is the engine speed in rpm, we obtain the follow-
ing maximun rate of pressure rise on crank--Emgle basis:
         ttde)mx=Ylilpl{"pcac(T[P)z;fi).)(3k-/)i2'rc
                  Å~es(År.lt.'-.)Z!M-(-Fex..)(tc+')iin1 (3.i7)
In this formula, Ko may be represented by the design parameters of engine
and of its combustion chamber; nameZy, '
                                                                    '
          '
           k, - =1{.2 -.a (E-r) (-)(?) (tg) (3.is)
where,e: compression ratio, F: area of piston surface, S: stroke, Vc:
ciearance volume, V2/Vc: volume ratio of main chamber to total compression
volurne. It can be seen from Eq. (3.17) that the same Ko/Dn gives the same
rate of pressure rise if pmax/pc is constant.
     These relations are applied to a high speed engine with typical com•-
bustion chambers arranged. Specifications of the engine to be illustrated
are as foZiows:
     Stroke S and bore D: 115 mm and 95 rnm respectively
     Nominal speed: 1400 rpm
Pc,PmaJcand ac have been estimated from indicator diagrams, as follows:
     p.=35 kg/cm2, pmax=so kglem2, ac=sso m/sec.
Combustion ehambers are of pre-chamber type and of swirl chamber
type as follows:
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where K =1.40, pm.x/pc=1.50 and iC(=O.65
     Fig. 3.20 shows the maxi!mrm rate of pressure rise ea!culated from
Eq. (3.17) by using the numerals presented above. A chain line drawn in
the figure indicates the upper limit of knock-free nming condition;
corresponding to 4 kg/cm2/deg. With the pre-chamber type, the es-
timated rate of pressure rise exceeds the limit of below 700 rpm for flF
 :O.529ot and, for 2%o of f/F wtth the swirl chamber type, it falls below the
limit at higher than 4000 rpm. By considering that the noninal engine
speect is 1400 rpm, it may be predicted that for the pre-chamber type en-
 gine the sharp pressure rise in the auxiliary chamber is not trans-
.nitted to the main chamber because of its relatively small cross-sectional
area, thus leading to a knock-free condition in the regular speed rarige.
     On the other hand, the swirl chamber type combustion ehamber has
generally a larger area ratio of connecting passage and has a smaller
volume of the main chamber for the sake of such a design eoncept that the
greater portion of fuel may be eompletely burned in the swirl Åëharnber.
Therefore, the value Ko of the swirl chamber type usually reaches from three
to ten times the value of the pre+-combustÅ}on Åëhamber type, so that the
swirl eharnber type engine does not fuifil the knock-free eondition even
if it xuns at the maximun speed as has been seen in the illustration pre-
sented above.
      Since the greater part of fuel can' burn in the auxUiary chamber in
 the idling mn of the pre-chamber type engine, the assumption
 presented earlier may actualiy be almost materialized. It should be
borne in mind that the idlimg knoek phenomenon of this type engine, which
 prevails with the decrease of engine speed, corresponds to the fact that
 the maximun rate of pressure rise (dp/de)mex augments with the decrease
 Of engine speed. However, this is stilZ an unsatisfactory explanation
 fOr the idling knock if considerable amount of unburned fuel has been
 brought into the main chamber to autoignite in it (17).
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5.5 Conclusion
     The present investigation on the effect of the connecting passage
area on the course of Pressure in the main combustion chatuber has led to
the following results:
     (1) Under an ideal condition where there happens a pressure jump in
the auxiliary combustion charnber and there is no heat release in the main
chamber, the maximun rate of pressure rise in the main chamber is propor-
tional to the area ratÅ}o of the passage and inversely propertional to the
volume ratio of the chamber, if the gas flows quasi--statica!Zy into the
maim chamber.
     (2) When pressure in the auxUiary chamber changes step-functionally,
a sharp pressure pulse spreads in the main chamber, followed by a rapid
pressure rise and a pressure oscillation. Such a pulse declines with
narrowing the eonnecting passage and with smoothing the preBsure change
in the auxiliary chatnber.
     (5) Application of these results to the engine shews that, with the
pre-charnber type engine, a rapid eombustion in the auziliary chamber is
not transmitted to the main chamber because of the throttle effeet of the
connecting passage, resulting Å}n a smooth pressure in the main chetnber.
On the contrary, it will be with the swirl chamber type. ,
-41-
                                CHAPTER 4
Combustion and Knock in the SwirZ Chamber Type Diesel Engines
4.1 Outline of the Problem
     The development goal of the combustÅ}on research on diesel engine is
to obtain a combustion system in which fuel introduced ean burn completely
near the top dead center with a low combustÅ}on noise throughout the entire
range of running. The swirl chamber ty' pe engine is considered to be one
of realizations on this 1ine. Much has been known hitherto on the eharac--
teristics of the enginef i.e. the perforrnance and quietness: First of
a!1, Ricardo made a foreseeing experiment on the effect of intensity of
air swirl on the characteristics, using a sleeve-valve four-cyele engine,
and revealed that its performance was remarkably improved by iLncreasing
the swirl intensity but an excessÅ}ve vorticity would invite a rough Åíir-
ing with a knock occurring, accompanying a simultaneous drop in the quatli-
ty of performance(1). on the other hand, the ecconomy and output of
the engine is largely influenced by the direction of fuel spray relative
to the air swirl, According to the investigation of Nagao and Kakimoto
through an observatÅ}on in high--speed motion pietures, the performance
is not as good when the fuel spray is directed agajmst the air swirl
because the spray is apt to be concentrated in the central part of the
combustion ehamber, and a good perforrnance is materialized when the fuel
spray is concentrated in the peripheral area of the swirl chamber so that
it may be trnasferred earlier into the main combustion chamber(22). imr-
ther, the effect of peripheral wall of the combustion ehamber upon the
combustion was investigated by Pischinger and Pisehinger after tests on
a constan' t-volume bomb under several conditions similar to those oecur-]ing in the aatual motor(23). They have revealed that, if the wall is hot
                                       .
enough and .tf a sufficiently strong swirl is present, the injection along
the wall causes a perfect combustion with a Zow rate of pressure rise in
spite of poor interaction between fuel and air.
     Much more information on the good combustion has been given than
that enumerated above. In the present stage of investigation, however,
prescriptions on improving performance seern more stressed than, those on
reducing the eombustion noise. Zt does not seem that we have proper
understandings on the phenomenon of knock occuring in the swirl chamber
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type engine. In the present status each of the following problems has
not been made clear:
(1) Essential roll of swirl on the velocity of burning,
(2) Influence of dimension of connecting passage on the velocity of
pressure rise,
(3) Influence of combustion in the main combustion chamber,
(4) Influence of direction of spray,
(5) Influence of interaction between combustibles and wall,
(6) Influence of wall temperature,
(7) Influence of shape of combustion chamber, etc.
The aim of this study is to reveal these influences and their
mechanisms. As the first step of it, problems (1) and. (2) were tried to
solve inclusively through changing the area ratio of the connecting
passage. Details of it will be found in Section 4.2. In the course of
this study the present author noticed the special importance of problem
(3) concerning the burning in the main combustion chamber; the phenomenon
of outflowing of unburned mixture from the swirl chamber to the main
chamber was theoretically considered. This analysis is described in Sec-
tion 4.3. A further investigation was made on problems (4) to (6) in the
lump by observing combustion development through high-speed photography
and indicator diagrams syncronized. Its detailed description will be seen
in Section 4.5.
4.2 Relation between Pressure Rate and Dimension of the Connecting Passage
1) Pressure developments in the swirl chamber and the main chamber
As has been described in CHAPTER 3, a swirl chamber type diesel engine
usually has a relatively large area of the connecting passage and a small
volume of the main chamber, compared with the pre-chamber type engine.
Owing to this, a rapid pressure rise in the swirl chamber, if it may happen,
can propagate to the space of the main chamber with negligible decay of its
sharpness. Consequently, an engine of this type will be noisy by nature
even if no combustion takes place in the main chamber. It is then expected
that the combustion noise is to be abated by either lowering the rate of
pressure rise in the swirl chamber with some appropriate means, or narrOWT
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sharp pressure change or to releaving the influx of unbumed fuel from
a rapid explosion. However, a very small aree of the connecting passage
might resuit in an increase in the intensity of air-swirl thus changing
the ceurse of the mixture formation and the subsequent combustion. The
flame photographs already presented(22) reveal that the fue! spray, when
injected downstrearn of the swirl, rapidly reaches the connectSng passage,
hence quickening the outflow of a rich mixture into the main chamber, and
that, when injected at the center of the chamber, fuel particles are ac-
curnulated in the middle part of the swirl ehamber, thus causing a rapid
pressure rise in the swirl chamber.
     As seen from these observations, if the fuel spray is directed to
the center of the combustion chamber, then the combustion will be such
that a rapid pressure rise occurs in the swirZ chamber and the arnount of
fuel, which takes part in the eEnrlier stages of combustion in the main
charnber, will be minimum, The present experiment was made under such a
eondition.
     A water-cooled four-cycle single cylinder engine•was used with a
Ricardo Comet Mk. I type head arranged as shown in Fig. 4.1. The spec-
 ifieations of the engine are as follows; Cylinder diameter and stroke
are 95 mm and ll5 mm respectively, nominal output 7 PS at. 1400 rpm,
volume ratio of the swirl chamber to total eompression space 651ot com-
pression ratio 16;O, injection pump Bosch type PELA70 BIOI, injection
nozzle DN30S2 and fuel heavy oil "A" (specific weight O.845, cetane number
45). Neasurement was made with the area ratio of the connecting passage
to piston surface f/F ranging from O.53a2S to 2.2%.
     Pressures in the swirl and the main charnbers were detected by strain
gage type pickups, whose diaphragms were placed Åílush with the combustion-
ehaMber wali without any indicator passage arranged, as shown in Mg. 4.1,
in order to obtain distortion-free diagrams of pressure-time relations,
Their recordings were uade on a dual beam cathode ray oscUlograph by
photographing iinages on Å}t. -•
      Indicaicor diagrams were taken with various engine speeds at a con-
 stant raek po$ition of fuel controlling lever of the injection pump. The
diagrams were analyzed in order to obtain the values of ignition,delays,
maximum rates of pressure rise and maximum pressures. Theire were con-
 siderable irregularities in eaeh set of readings, so that the average
 values were obtained from two to five cards. Mhe results were surnrnarized
 in FÅ}g. 4.2 and 4.3. In Fig. 4.5 are shown the maximum rates of pressure
                                       '
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  Engine speed: 4400 rpm,
  Injection timing: 140 before TDC,
  Timing mark: V4000 sec
4.4 Example of indicetor diagrems
rise in the swirl chamber (W) and those in the main chamber (H). Fig.
4.4 illustrates some typical indicator diagrams gained at i400 rpm.
                                                                     'From these the following facts are known:
     (1) The maximum rate of pressure rise in the swirl chamber generally
increases with the decrease in the area ratio of the passage.
     (2) With f/P larger than 1.3%o the xate of pressure rise in the main
chamber is always larger than that in the swirl chamber, whiZe, with O.75%
passage, the rate in the main Åëhamber is lower than that in the swirl
chamber in the range of engine speed above 1000 rpm.
     (5) When f/F is O.75a/3, the rates of pressure riBe are lowest at 800
rpm, namely rel'atively less noisy. When it is Z.9g% and 2.2dilv, the rate of
pressure rise in eaeh chamber will decrease as the speed is reduced.
Table 4.1 Predominant frequeneies of pressure oscillation












     (4) It can be seen from indicator diagrams that the frequency and
ampZitude of pressure oscillation are !argely influenced by the area
ratio of the passage. Table 4.1 summarizes the measured values of prin-
cipal frequeneies of both charnbers. At 2.2g/to of f/F, the frequency in the
main chamber coincides with that in the swirl chamber whilst the phase of
oscillation shifts by about 1800. Consequently, the total vibration
system wiZl approximately be a kind of Hellliholz' resonator. When f/F is
below 1.9%, the freguenÅëies of the two chambers.are not the same; 9 to
13 kc/sec in the swirl chamber and 4 to 5 kc/sec in the main chamber.
The amplitude increases as the area ratio is lowerea.
     Another experiment was made under somewhat different test conditionB.
E"uel was injected downstream of the air-swirl through a DN8Sl type nozzle
at an angle of 80 from the center line of the swirl chamber, end the
brake mean effective pressure was held constant at 2.o lsg/em2. The com-
bUstion noise was picked up by a microphone whose signal was introduced
tO a sound levei meter as well as to a cathode ray oscillograph: The
                                                                     '
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former informed the median of noise level and the latter the relative
peak-to--peak amplÅ}tude of the noise waveform. :n Fig, 4.5 the test Te-
sults ane summarized. :t can be Been that in the higher speed range the
areB ratios of O.75%o and 1.301tJ give nearly the same noise intensity which
is larger than those of l.9')S and O,53S;d. In the former experiment with a
constant rack poBition, the measurement was not made with O.55Yo of flF
for the sake of an intermittent firing. This phenomenon was probably due
to too sma11 fuel quantity. Again from the figure presented ebove, we
 can see that a strong lg ocking oceurs at the area ratios O.53% and O.75%.
The noise intensity rapidly grows with a decreasing engine speed in the
range below 900 rpm, and it attains to a maximum at near 700 rpm. This
lmock diulnishes with a further decrease in the speed. ALnd sueh a knock
appearing at a low speed is absent with the larger area ratio, which Ss
similar to what occurs with a pre-chamber type engine; namely the so"
                     (i7)
called idli-ng knock .
2) The pressure oscillation in combustion chambers
               '
     As has been seen trom Table 4.1, pressure oscillations in the eom-
bustion ehamber can be classified into three categories. Their modes
may possibly be; (1) vibration modes of the swirl chamber, (2) thQse in
the main chamber and (5) that of vibration as coupled resonator ssrstem
of Helmholz type which consists of the swirl chamber and the main
chamber. They'are briefly explained as follows:
      (1) Zf the swirl chamber approximates to be fully enclosed, then ,
the pronounced vibration modes are theoreticaLly known according to
..acoustics(24). Table 4.2 surnmarizes the fundamental modes and the Åíor-
Mulae of their frequencies, where cL denotes the sound velocity and d
the diameter of the spheriÅëal cha!fi6br. In the Table, TlwA corresponds
to the simplest . concentric ' rp-o-q.g-, and Vwr) to the .V.!q..n..S.-T." .
 verse one wtie'l5---a---`i-iUl'6 ins7z:Td'e the charnber swings side to side as
"ifi"'a-filTula in a doubie ciosed tube. The !atter frequency is aiways.
 Iower than the former.
      (2) Zf the main chamber is taken as a cylindrical space of Em in-
j.l.kZ6g,e.II.:,,r,nasil,tve;'il'IMin:2i.ig.e/ibi"%fX•:rsC.;.:o,iaeS/ij•liYrilgm#.i:,Ul,l.Bclo//:.,/tPi.igO:rmx'-tg}e-,d.g---
gives a lower magnitrtd' e than the Åíormer.
      (S) The coupled resonator system has been also treated on the
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theory of acoustics. When two chambers of Vl and V2 are combined with an
aperture of conductivÅ}ty G, the foliowing equation of free oseiUation
hoZds with respect to the quantityq of a fluid whieh passes through the
apevture; '
        es,a +a]e(V, +iit.i)e-o (4.1)
where G is egual to the diameter of the aperture if it is eircular and
if its length is negligibly small as eompared with Å}ts dianeter. The
conductivity' of a non-circuXar aperture may be reasonably assumed to be
that of an equivalent eircular aperture of diameter cte, whose area is
the same as the nen-circular one under censideratien. Xf the length of
the aperture 2. is net negligible, the following correetion is to be made;
                   de
                !t-iEa7- '
Consequently, the frequency of free oseillation v?R due to the combina-
tion of two ehambers is repyesented, by using the cylinder diameter D
and the area ratio of the connecting passage area flF, as feilows:
          yfl ., zaz (S)va
            Å~lli;Gi- EI5-i7;lli-ll-l:5=Z]El=7nt c!sec (4.3)
!n addÅ}tion, it has been proved that the normal frequency of each cham-
ber is not altered by Bn attachment of ahy resonator. J
     ln order to compare this theory with the experimental results, it
is necessary to estimate the sound veloctty a at the end of pressure
                                                                  'rise. Now we denote the temperature and pressure at the compression
beginning, as Tb and pb respectively and the temperature, pressure and
sound velocity at the atmosphere as To, po and cLo respectively. !f the
effect of the residiual gas on the volumetric efficiency ef the charge
                                     '
      '
'7v is neglected, then we obtain
                  P6 Tp
           7v ='p, T6 -
:f the maximum pressuie appears at TDC, the relatienship between the
Maximun gas temperature Tiuax and Tb is given by
                                                   '
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where E denotes the dompression ratio. We can rewrite this forrmila by
using the volumetric efficiency, as follows:
           77za= " i Pmaz
                 -"     7p E'7v Po
Or
 aa. ----7i.lilii,7i,, (l-!l:.l!l!-]i)V2 (4.4)
Here the numerical values are: E=16.0, 77v=O.80 (assunption), ao=
540 m/sec, prnax=65 kg/cm2; pinax is an average peak pressure obtained
from the indicator diagrems where the pressure oizershoots due to the
oscillations being neglected. The sound veloeity correspondÅ}ng to
the maximum pressuxe is then 750 m/sec.
   • Xn Table 4.2 are shown the frequencies of the normal medes of
pressure oscillations caieulated from the dimensions of the testing
engine. Comparing these with the measured frequencies, it is known
that, excluding the case of 2.2Slo of f/F, the predominant frequency in
the swirl charnber is more related to,VlfD and that in the main chamber
to 1/HD• When f/F is 2•2%o, the mode of oseUlation will probably be
of the eombinedchembers,notwithstancting that the theoretical value
of the freguency is considerably larger than the measured vaXue. The
discrepancy between them may be due to the fact that the assumption
of the theory that the main chamber is to be a space without depth,
will give too small component whieh aets as inertÅ}a in the system.
3) Pressure rate in the swirZ charnber
     !n 'Fig.4,6 the maximum rates of pressure rise versus the area
ratio of the connecting passage are replotted for eaeh engine speed.
At the engine speed higher than 1000 rpm, the maximun rate of pressure
rise in the swirl chamber (dpvi/dS)ma. roughly obeys the follontng
                                                   'rule:
           (dp./de).,. ee (f/F)t(2'aN'Le' (4,s)
It may be seen that a siight decrease in f/F cause$ a rapid growth of
the maximun rate of pressure rise. This will be partly because the
Combustion development approaches a constant-volume one as the area
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'ratio is reduÅëed, and partly because the rate ef mixture formation in-
creases as the veloeity oz"
 air streaming into the swirl ehamber, thus
deepening the feature of an explosion.
     Recently, Sitkei refers to the variety of combustion development
in the dieseX engine, in the relation bet"reen chemical reaction and the
rate of heterogeneous mixture formation, as fonows(25):
     (1) blhen the veloeity of the mixture formation is surpassed by the
velecity of reaction, there arises a so-called diffusion type combustion.
This is charaeterized by a short ignition delay and the pressure-time
trace is like eurve Z in Fig. 4.7.
     (2) When the mixture formation velocity is considerably higher than
the reaction velocity, the mass velocity of burning changes according
to the S-shaped curve as III. Xn these cases theTe is a homogeneous mix-
ture in the entire space at the beginning where flame is spreading, in
the same way as in a carburetter engine.
     (3) :f the duration of mixture formation accords with the duration
of chemical reactions, then the phases of mixture formation and of pre-
oxydation process beeome inter'"roven with one another and fields of dif-
ferent concentrations will develop. !n these cases, the combustion is
very rapid and occurs in a detonation-like manner as curve rl.
     !t can be seen in the•present experiment that the pressure-time
trace in the swirZ chamber becomes nearer to cur've !: as f/F is lowered.
From this, we can deduce that the pre-oxydation process is largely in-
fluenced by the intensity of air swirl present in the swirl chamber.
When an ignition is made by an ignition agent with a gasoline engine,
we ean observe a similar rapid pressure rise accompanied with an in-
tense pressure osciuation, undev a proper eondition of nmiingÅq26).
     Fig. 4.8 shows the amplitude of pressure oseillation against the
area ratio of the connecting passage at 1400 rpm. The oscillation is
weakest with 1.9of2b of f/F and rapidiy grows as the area ratio decreases.
With 2.2% the amplitude is larger than with 1.9%o but its mode is not l.h-e.r.T.
one of i.9fo4; namely the .transient vibration of two eharnbers. Accord-
ing to the analysis by a water model in CHIXPrlerl 3, the amplitude of
such a transient vibration increases with f/F, which accords with the
                                         'fact mentioned above.
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4) Pressure rate in the main charnber
     As seen from Fig. 4.6, the rate of pressure rise in the main cham-
ber follovis quite different trends from that in the swirl chamber, and,
above 1000 rpm, the curves are wavy. rn the upper half of the same
figure are shown the beginning and the end of a rapid pressure rise for
each combustion chamber. It can be seen that the relative ti!nings of
pressure rise are changed by the area ratio, and that the curves have
some trends in cornrnon with each other in the speed range above leOO
rpm. If the case of 1400 rpm is taken as an example, the following
elucidations wili be made for the maximum rate of pressure rise and
its timing:
     In the case of a very small area ratio (a), the pressure rise in
the main chamber begins belatedly after the swirZ chatnber has comp!eted
its pressure rise. Owing to this delay and to the repressed transmis-
sion of a sharp pressure rise due to the narrow passaget the main cham-
ber shows a lower rate then the swirl chamber. As the area ratio in-
creases, the rate in the swirZ ehamber becomes smaller but the trans-
mission of rapid pressure rise to the main chamber is facilitated, so
that the rate of pressure rise in the maÅ}n ehamber tends to approach
that in the swirl chamber and the rates in both chambers coincide vith
each other at the point b. An increase in the area ratio over the
point c yields a rapid combustion probably due to,an easy outf!ow of
unburned cambustibZe mixture, thus the rate in the main chamber exceed-
ing that in the swirl chamber and the end of pressure rise in the main
chamber coming before the rise in the swx-rl chamber is completed. Tn
the case of point d, we may consider that the gas inside the main
chamber is sent back to the swirl chamber owing to the gas osciZlation
at the end of pressure rise. At the point e, therefore, the growth of
the rate of pressure rise due to combustion in the main chanber is can-
celled by the inclination of the rate of pressure rise diminishing in
the swirl chamber, thus resulting Å}n a utnimurn value of the rate at the
POint lfi'the lower speed range below 800 rpm, no general tendenCy Ceiri be
found out and the rate of pressure =ise in the rnain chamber is always
higher than that in the swirl chamber. A feature of idling ]mock i"s
 remarkable at 600 rpm where the rates of pressuve rise in the swirl and
main chambers grow as the area ratio is reduced. When f/F is O.75% at
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this speed, the pres$ure-rises in both ehambers begin at nearly the same
moment and complete simultaneously. So we can eoncZude that a eonsider-
able amount of unburned fueZ must have exploded in the main combustion
chamber.
4.5 Unburned Mixture Issuing from the Swirl Chamber to the Main Chamber
1) Thermodynamics of the proeess
     In the previous section, it was found that the rate of pressure rise
in the main chamber of -a swirl ehamber type diesel engine was higher than
that in the swirl chamber except when the area ratio of the passage con-
necting both chambers -Tas very small, and that the larger the area ratio
the greater was the difference between the rates of pressure rise. Zt can
 be predicted from this faet that there is a considerable amount of fuel
which outfZows from the swirZ chamber into the main chamber in an un-
burned state. Since the amount of fueZ and its burning velocity are pro-
bably governed by the area of the connecting passage, we have to consider
this effect as one of the important action of the connecting passage upon
knocking. For this purpose, a thermodynamic consideration was carried
out through finding out the relationship between the quantity of unbumed
mixture discharging from the swirl chamber and tfie area of the connecting
passage.
     rh a swirl chamber having a volume V and an area of the connecting
passage f, as shown in Fig. 4.9, a homogeneous mÅ}xture of air and finely
atomized fuel weZl distributed over the combustion chamber ignites at
t=O and burns uniformZy at a given local mass-fraction x=x(t). Denoting
pressure, temperature and total weight of gas inside the ehamber as p,
T, and G respectively, the heat release in the chamber in Em infinitesi-
mal duratÅ}on is
            titiQ -fa.ea'i -•---•••- (4•6)
As the unbumed mixture occupies the fraetion (i - x) of the total weight
Of gas, the unburned mixture d Gu contained in the gas passing the con-
necting passage is
         '
           cl'Gu - -'- (! -.M År dG
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Conseguentlye sumtion of the unburned mixture transferring to the main
chamber is
         eU -" -'LrX,"' (/-"XÅrd('
Denoting Go as the initial weight of gas in the swirl chamber and using
y = G/Go and yu = Gu/Go, we can rewrite the above formula as follows:
          7ti '" 8." =-'f.=X."Ck!-X)dy (4'7)
For the conveniencet yu will be called fraction of unbumed mixture
or discharge of unburned mixture.
     If the ideal gas rmle hoZds inside the chamber and Sf there is no
increase in the number of molecules of gas, then the, energy balance of
the considering system is '
          Cad(CT7) -- dOt rcCu 7- `IG (4.8)
where tc is the ratio of specific heats and cv the specific heat at con-
stant volume. The eguation of discharge of gas through the connecting
          -iStÅÄ-.af vCi-5il y
where
           v-
w6ere .ict is
present case,
By Eqs. (4.6) to
tial
            d(P
      '
ort uBing P =
             dt
Similavly, Eq.
       coefficient
         pressure
temperatu re,
          Pa
         p/p
          (4.9)
                                                 (4,9)kf( fe)zilt - (.,)                  Pp Cict/ !k] f,r :l]'L ) (ÅÄji}t7il)Kl(rt-l)
 (..z, )-(,c-,År nt f,, .ilk- Åq (k,) te1(lt--t)
       of discharge of the connecting passage. Zn the
      outside the chamber po is assuined to be constant.
(4•9), yvt can be determined. Denoting T. as the ini-
 we can rewrite Eq. (4.8) as follows:
)= ch,"T. GG, az+K(iF.)dge (4•io)
o and e= T/Mo,
-i
et y-Åílt}+,c9,`,2ffEi ''' (4•u)
    is reduced to













        t




































rss. 4.n2 C-r"r-l et tolutSen
           dy .at
        -dt == v vl22RT, My Årb
                                                                (4.i2)
 where R denotes gas constant. Besides, the ideal gas tule is
          P -= 70
                                                                (4.Z5)
g:ir:2.fi}•,:sl:g !.h:.:o2I:l'll:g;ii::ai,tzlfi e,: ;gl2s.\•:,erX.:g,l•2,:gi•ifig,Of
 equations from Eqs. (4.U) and (4.Z2).
                                  p dedp
                   thu 4x
           dT = C. T. YdT +icY atr (4. l4)
            dy
           d.`--tMy Y'` (4.15)
where characteristic number of the area of connecting passage k is
            E-T t,•-JrEP-(77- (4.16)
From these eguations we caZculate
         '
           Y.=-f(,-x)dy (4.17)
                                                             '
                                              -t2) Solution of equations '
                                                                 '
     As it was impossible to integrate the simultaneous eguations in an
analytical form, they were solved by using an eleetric analog-eomputer.
Xn. Fig. 4.10 are shovm the mass fractions of burning x(t) and its rates
x(t), which were adopted in the enalogue computation: Cltnrve I is the
case vJhen the buirning rate is eonstant during combustion, curve !r the
'case when the rate decreases with time, curve rll the case when the rate
increases with time or the fraction of buming increases in proportion
to square of time, and curve rv the case when the buming rate changes
like an equilateral triangle, Fig. 4,11 shows the circuit for the com-
putation of Eqs. (4.13) to (4.17). In the cireuit, diode-function gene-
rators iiere used for realizing functions ye =)e, (P) and JiiFP. As their
soiutions, typical oscillograms are shown in Fig. 4.12. Tn this, the
numerica: number of ealorific value hu/cvTo was determined by the follow-
ing data: Air temperature at the beginning of compression stroke Tb is
1000C, average magnitude of polytropic index during the compression st-
roke rritl.35, compression ratio E=16, lower calorific value of fuel
                           '
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io=14.0 kg air/kg fuel, The air temperature at the end of compression
stroke reaches T.e=9750K, whieh we can approximate as the initial tem-
perature of burning To of the present problem. Thus, for excess-air
coefficients A =1 and 2, hu/cv[Do give 4 and 2,07 respectively. [Dhese
values win be used in the present c6m-fi putation.
     When the characteristic number k or its reciprocal 1/k is naughts
combustion process of eonstant volume or constant pressure is mateTia-
lized, For such cases we can analytically find out the pressure change
and discharge quantity of unburned fuel, as in the fol!owing manner.
(1) Case of krO (correponding to constant-volume burning): Because dy/dT
=O holds as seen from Eq. (4.15), we have y =1 and e= P throughout the
process. Integrating Eq. (4.14), we obtain
                   the •
            P==o=
                             , Yv. ='" (4•18)                       X+1
                   CtrTo
(2) Case of 11k=O (corresponding to constant-pressure burning): Although
such a situatien can be realized by no means, it is meaningfuZ in making
a border on the value of yu for large area of the connecting passage.
In thSs case, instead of Eq. (4.15), dp/d'Z in Eq. (4.14) can be assumed
to be naught because the pressure in the swÅ}rl chamber is always equal
to the ambient pressure po. So we obtain
                             pZd
     ha
  du
            -57i,-Yd,T tlt y dT i-0
By using the notation .z9=hu/cvTo and the initial condition y = Z
at x = O, the above equation is easily integrated to produce
                    1 dy !0
             Y== 75tEF7t/ , dx "=-(rtx+i)F
Mherefore yu becomes
                                      kZ",T" da !'(k3•}T,)
                                                             (4.Z9)
             Pi. -.-i-. ,;I-i. (,+i(7)==i-
and, from Eq. (4,13), (57 becomes, L
                                                             (4.20)
        -tZL
             S =/tffX ' /+ k c, 7, Z(t)
In Fig. 4.13 are sumrnarized the maximum pressure Pmax, maximum tempera-
tUre 0max, together with the total discharge of unbumed mixture yu,
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by the analog-computer for various values of k and hu/cvTo, where the
mass fraction of burning is cueve 1. In each diagram, the following
curves are drawn; namely, temperature of gas cg , pressure P, weight of
gas inside the chamber y, accumulation of unburned miSture outside the
chamber yu and product of x and y. At the instant of ignition, the
temperature and pressure begin to rise, and the mixture of burned and
unburned gases issues from ,the conneeting passage. Of course, the smal•1-
er is k the more the pressure rise in the swirl chamber end the longer
the outflow continues. After the mixture burns itself out at T =1.0,
the outflow of gas produces no further increase in yu. FinaX value of
yu clearly increases with k, and, at k=S.5, reaches 469o and 33% for
hu/cv[Do=4 and 2 respectively. The corresponding value at constant
pressure (yu)p is, from the previous figure, 53%o and 3Bpto for each caro-
rifie value.
          '
     Fig. 4.16 shows the effect of curve form of x(2tr-) on the course af
burning. It can be seen that the fraction of unburned mixture outflown
is passably dependend on the course of heat release in the swirl chamber;
for a given vaZue oÅí k, final magnitudes of yu are 28% for eurve.r, 20%o
for curve Zl, 25% for cur"ve IIT and 229o for curve rv. Among curves II
to !V, IX is the nearest to the constant velume combustton in the earlier
stages and rlr the furthest, so that the discharge of unbumed nixture
is the most with rXX and the least with rr. rt is worthy of special at-
tention that curve X gives a far larger value than cnrve IIX•
Figs. 4,17 and 4.18 show yu, emax and Pmax against k for eaÅëh type of
burning. It can be seen that yu increases monotonously with k.
S) Application to practical case
     rn the previous section, we taveseen that the rate of pressure
rise in the main chember becomes out of proportiori to that in the swirl
chaJnber when the area ratio of the cennectj.ng passage is very large or
smaU. Zn the bottom of Fig. 4.l9, a portion of previous test results
is reprodueed. As seen from this,the pressure rate in the rnain chamber
becomes higher and lower than that in the swirl chamber for large and
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small f/ii' respectively. This inclination was attributed to the fuel burn-
ing in the main chamber.
     For the sake of a better confirmation of it, it was attemped to know
a rough estimate of fraction ef unbuxmed mixture outflown into the matn
chamber to the total mixture initially present i.n the swirl chamber, tn
the practical ease, by applying the result of computation presented above.
If the system is approxirnated to be the' simple model, then the mass fra-
ction of transferred mixtu]e can be given by replotting yu from Figs.
4.17 and 4.18. When we'reivrite the characteristie number of the conneet-
ing passage k by using f/F, engine speed n in rpm and duration of burning
 9 in degree of crank angle, we obtain
where f- -M fP 'n'"/f!"Z`i Y Åq4:21)
             k,"= -`t7it;- pm x le-S
Here •ko represents the characteristic number at f/F=1 ot2bt, n=iOOO rpm, SP=
iO. Dimensions of the testing engine were as follows: Cylinder diameter
and stroke were 95 mni and Z)5 mm respectively, engine speed 1400 rpm, com--
pression ratio 16, ratio of volume of the swirl ehamber to the total com-
pression space V/Vc=O.65 and volume of the sntrl ohamber V=s4.2 em5.
Thereupen the rnagnitude of ko represents O.168. [Phe duration of burning
SP is known from the measured rising time of pressure in the swirl cham-
ber, which is illustrated in the middle of Fig. 4.19. As the maBs frac-
tion of burning x(t) remains unknown, curve I i$ conveniently adopted here.
     rn the top ef Fig. 4.19 is shown the resuZt of estimation of yu for
two kinds of hu/cvTo. Comparing yu with maximurn pressure-rates, the fol-
lowing things are known: rn the case ef O.75%e of f!F, gross atnount of
unburned mixture outflown is from 2 to 3%; the main bulk of the fuel in-
jeeted burns in the main chamber and thereby the substantial part of pre-
ssure rise seems prodvtced by an ejection of hot gas from the swirl cham•-
ber. With an increase in the area ratio, the outflow of unburned zrtxture
grows. Since, in the range of flF from 1.5% to 1.9%, a considerable amount
                                                                       .of unbuehed mixture outflows and bumB in the main chaznber, thus ass:-
sting the pressure rise in its the pressure rate in the main chember is
nearly equal to, or slightly higher than that in the swirl chamber. In
the ease of large dimension of the connecting passage, an unburned mix-
ture can be transferred much from the $wirl chamber te the main chamber;
it attains a fractSon of 3Q% to 55C/S of the initial weight at 2.2% of flF.
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In such a range pressure rise is accelerated powerfully by the combustion
in the tnain chamber, whiie the outflow of high temperature gas beeomes
weakened, therewith resulti.ng in a high rate of pressure rise in the main
chamber compared with that in the swirl ehamber.
4.4 Influences of Direction of IPuel Spray and Wall Temperature upon
     Combustion
     As has been described in Section 4.1, the aim of the further study
is to reveal the infiuenees of both the spray direction and the wall
upon the mixture formation of fuel and eombustion process in a full scaZe
engine wÅ}th a strong swirl present in the swirl ehamber. The obBervation
of the Åëombustion process was made mainly by means of high-speed photo-
graphy and indicator diagrams. Some Åíurther study was carried out to
grasp the essentials of the combustion mechanism of the so-ealled M-eom-
bustion system(3) which has been eharacterized by an extreme utilization
of the wall and the air swirl;
                               '
1) Apparatus for observing eombustion
     :n order to vasualÅ}ze the pregress of the mixture fQrmation, igni-
tion, and subsequent combustion, a cylindrical swirl ehainber with a spe-
cially strengthened glass window has been mounted on a loop-scavenged
two-cycle engine; cylinder bore 80 rnm, stroke 90 mm, Emd stroke volume
O.452 .e. The combustion chamber has dimensions of 36 mm in diameter and
20 mm in width, as shown in Fig. 4.20. The volume ratio of the swirl
charnber to the total eompression volume was chosen as large as 86% so
that the greater part of the combustion might be compZeted in it, The
area ratio of the connecting passage to the piston area has been 1.7?%,
while the eompression ratio being l9.0 and the effective ratio being 15.0.
With this configuration, one can estimate the maximn air veloeity in the
swirl chamber attainable as high as li5 m/sec during the compression
strQ}[e, at an engine speed of l250 rpm.
     To remove the influenoe of the residual gas and to simulate the
better scavenging efficiency obtainable in a four-stroke engine, the
engine was fired in every other revolution, thus affording double scav-
enging to every power stroke, The amount of 17 rng fuel was injected
fOr every firing stroke through a O.35 mm -orifice injector at four
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different directions, namely O-, l5-, 45-, end 80 deg., as shown in Fig.
4.2X, the angle measured from the diametral line of the chamber toward
the down stream of the swÅ}rl, whieh will be designated as the directÅ}en
of fuel injection. The fuel used was a diesel oU of specific weight
O.785 and cetane nunber 72, and the injeetion pump was Bosch type PEIA50BIOI.
     The temperatuee ef the chamber wall was controlled by a gas burner
and measured with .an Alumel-CromeZ thermeeoup)e inserted ciose to the waZl
surface, as shown in Yig. 4.20. Since the temperature distribution of the
walZ would be considerably influenced by the period of the motored and/or
fired running, the measured wall temperature may only be used as a quali-
tative indication of the surface temperature. For this reason, time for
preparation was made as short as possible to make the test eondition
even. The maximum temperature attainable was 3500C, which, limited by
the use of a glass window, seems nevertheless suffieient for the practi-
cal engine.
     A 16mm Hitachi I(PC-25 type high-Bpeed eamera was used as a viewer,
having a maximum speed of 2500 frames per second, whieh corresponds to
about a hundred pictures per revolution of the engine shaft at a speed
of 1250 rpm. On the photographed film marks of the timing and crank
angle were recorded.
     The indicator diagrams were singZe-swept on the cathode-ray tube of
a dual-bearn oscillograph equipment, in such way that the: night be samp-
led among cycles that were taken by the high-speed ca!nera. As the trans-
ducer of the pressure in the combustion chamber, a strain-gage type in-
dicatorv which has a natural frequency higher than35 kc/sec, was at'taehed
to the ehamber wall directly as shown in Fig. 4.20, for the sake of avoid-
ing a harnful pressure vibration eaused by any indieator passage. The in-
jector needle motion was detected by a magnetic piclsup, whose output was,
after ampZification, superposed upon O.1 kc/sec-square wave for timing
mark, then led to one of the Y-axes of the oscUlograph. The crank-angle
puZses of every 20 degrees were generated photoelectrÅ}cally by a slit
disk fixed en the engirte shaft, and were recorded in the oscillograph as
well as in the high-speed camera. Fig. 4.22 shows the measurtng system
sghernatically, Å}ncluding a control unit devised to ssrnchronize the indi-
Cator diagraJns with high-speed photographs or to take indicator diagrams
onXy.
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1 r, L) 'C








   G
  i.1cr ,t.)
tsv= cynoc
   7
a --- Ff)'
tlr !.'")'C






























2) Observation of combustion process
     TypicaX flame photographs are given in ]Yig. 4.25, and correspond-
ing indicator diagrams in Pig. 4.24 (numerieal numbers are equivalent
to those of Fig. 4.2S), contrasting combustion processes of lower wall
temperature (at about 1500C) with those of higher wall temperature (at
about 3200C) fox four different directions of fuel injection.
     b the case of the O deg. direction (FUms and Cards l,2): At the
iower wall temperature, the flame spreads rapidly over the whole space
of the eombustion chamber immediately after the ignitÅ}on oecurs, and
lasts for a longer period with a bright Zight, to get out of shape Sn
the later stage oÅí combustion. The rate of pressure riseis high enough
to cause a furious knocking. At the higher wall temperature, the igni-
tion delay is somewhat short, thus affording a lower rate of pressure
rise and peak pressure. Mhe fZame has a smaller spread than that of the
Zower wall temperature.
                                                                 '
' In the case of the 15 deg. d':rection (Fiims and Caras 5,4): Ignition
starts in the middle of the chamber in the case of the lower wall tem-
perature, and in the vicinity of the waU near the eonnecting passage to
where spray particles move in an arc, in the case of the higher wall tem-
perature. The flame never ceases to rotate until its extinetion, in the
meanwhile there is a dark space leÅít in the center af the swirl. The
fiame is bright when the wall is hot. The duration of combustion is
fairly short compared with that of O deg. direetiont
                          '
     In the case of the 45 deg. direction (Films and Cards 5,6): At the
lower well temperature, ignition starts from about the middle part of the
chamber, but in the vicinity of the wall at the higher wall temperature.
Zn the latter case the flame appears bright and spacious. In both cases
the flame moves spirally toward the center. No remarkable difference
een be pointed out in the indÅ}cator diagrams, other thEm the ignition
delay.
     In the ease of the 80 deg. direction (Films and Cards 7,8): When the
wall is at the lower temperature, ignitÅ}on starts close to the cermecting
Passage after a longer delay, and an initially dark flame with a slow pres-
 SUre rise is followed by a regular blaze which accompanies the maximum
rate of pressure rise, at about 6 degrees aeter TDC. At the higher wall
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  p: preseure in the combustÅ}on che :ber,
  1: Å}njector needie notion,
Humerlael nuribere correepo=e te those in rts. 4.25.
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